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ABSTRACT 
 
Organisations comprise human and technical systems that typically perform a variety of 
business, engineering and production roles. Human systems comprise individuals, people groups 
and teams that work systematically to conceive, implement, develop and manage the purposes of 
any enterprise in response to ‘customer’ requirements. Recently attention has been paid to 
modelling aspects of people working within production systems, with a view to improving: 
production performance, effective resource allocation and optimum resource management.  
 
In the research reported, graphical and computer executable models of people have been 
conceived and used in support of human systems engineering. The approach taken has been to 
systematically decompose and represent processes so that elemental production and management 
activities can be modelled as explicit descriptions of roles that human systems can occupy as role 
holders.  
 
First of all, a preliminary modelling method (MM1) was proposed for modelling human systems 
in support of engineering enterprise; then MM1 was implemented and tested in a case study 
company 1. Based on findings of this exploratory research study an improved modelling method 
(MM2) was conceived and instrumented. Here characterising customer related product dynamic 
impacts extended MM1 modelling concepts and methods and related work system changes. 
MM2 was then tested in case study company 2 to observe dynamic behaviours of selected 
system models derived from actual company knowledge and data. Case study 2 findings enabled 
MM2 to be further improved leading to MM3. MM3 improvements stem from the incorporation 
of so-called DPU (Dynamic Producer Unit) concepts, related to the modelling of human and 
technical resource system ‘components’. Case study 4 models a human system for targeted users 
i.e. production managers etc to facilitate analysis of human configuration and also cost 
modelling. 
 
 Modelling approaches MM2, MM3 and also Case Study 4 add to knowledge about ways of 
facilitating quantitative analysis and comparison between different human system configurations. 
These new modelling methods allow resource system behaviours to be matched to specific, 
explicitly defined, process-oriented requirements drawn from manufacturing workplaces 
currently operating in general engineering, commercial furniture and white goods industry 
sectors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords:  
Human system modelling, Enterprise modelling, Simulation modelling, Manufacturing 
flexibility, Enterprise engineering 
  
 
i 
 
Table of Contents 
	
Table	of	Contents	.....................................................................................................................	i 
Index	of	Figures	.....................................................................................................................	vi 
Index	of	Tables	......................................................................................................................	ix 
Index	of	Abbreviation	.........................................................................................................	xi 
1  Chapter	 1:	Manufacturing	 system	 complexity	 and	 the	 need	 for	 human	
system	modelling	...................................................................................................................	1 
1.1  Introduction	........................................................................................................................	1 
1.2  Manufacturing	complexity	and	manufacturing	paradigms	...............................	2 
1.3  Need	to	model	human	systems	.....................................................................................	4 
1.4  Human	system	modelling	in	the	manufacturing	enterprise	(ME)	...................	5 
1.5  Research	hypothesis	........................................................................................................	7 
1.6  Aim	and	objectives	............................................................................................................	7 
1.7  Thesis	layout	.......................................................................................................................	8 
2  Literature	Review	.......................................................................................................	10 
2.1  Flexibility	in	manufacturing	systems	.......................................................................	10 
2.2  Area	of	concern‐	Human	system	modelling	...........................................................	11 
2.2.1  Overview of issues in human systems engineering in engineering enterprise	........	11 
2.2.2  Review of human system theories and framework	..........................................................	13 
2.2.3  Human system modelling in the Manufacturing System Integration (MSI) 
Research Institute	.......................................................................................................................................	18 
2.2.4  Human factors in manufacturing enterprise	.......................................................................	22 
2.2.5  Human adaptability versus robotic automation	................................................................	23 
2.3  Manufacturing	information	modelling	....................................................................	24 
2.4  Simulation	and	dynamic	modelling	..........................................................................	25 
2.4.1  Discrete Event Simulation (DES)	.........................................................................................	26 
2.4.2  Differences between discrete event & continuous simulation models	......................	28 
2.4.3  Simulation software tools	........................................................................................................	29 
2.5  Enterprise	modelling	in	manufacturing	systems.	...............................................	31 
2.5.1  Enterprise Modelling	.................................................................................................................	31 
  
 
ii 
 
2.5.2  Enterprise Engineering	.............................................................................................................	32 
2.5.3  GRAI-GIM	...................................................................................................................................	34 
2.5.4  ARIS (Architecture for Integrated Information Systems)	.............................................	35 
2.5.5  PERA (Purdue Enterprise Reference Architecture)	........................................................	35 
2.5.6  TOGAF	..........................................................................................................................................	36 
2.5.7  ZACHMAN	.................................................................................................................................	37 
2.5.8  UML	...............................................................................................................................................	39 
2.5.9  CIMOSA	.......................................................................................................................................	39 
2.5.10  Enhanced Enterprise Modelling Research at MSI Research Institute	..................	43 
2.5.11  Unified Modelling	.................................................................................................................	47 
2.5.12  Unified Modelling with respect to Human System Design & Change in MSI	..	47 
2.6  Concluding	remarks	.......................................................................................................	49 
3  Chapter	3:	Research	Methodology	........................................................................	50 
3.1  Sustaining	manufacturing	production	systems	...................................................	50 
3.2  Modelling	human	performance	in	a	manufacturing	enterprise	....................	50 
3.3  Research	approach	in	human	system	modelling	.................................................	51 
3.4  Research	aims	and	objectives	.....................................................................................	54 
3.5  Framework	of	the	research	.........................................................................................	55 
3.6  Types	of	research	methods	used	...............................................................................	60 
3.6.1  Exploratory	.................................................................................................................................	60 
3.6.2  Descriptive	..................................................................................................................................	60 
3.6.3  Explanatory	.................................................................................................................................	61 
3.6.4  Research:	phases	and	methods.	..........................................................................................	61 
3.6.5  Research:	case	study	implementation	.............................................................................	62 
3.7  Concluding	remarks	.......................................................................................................	62 
4  Chapter	4:	Elements	of	the	Proposed	Modelling	Methodology	..................	63 
4.1  Concepts	for	modelling	human	systems	in	MEs	...................................................	63 
4.1.1  Roles	and	role	holders	............................................................................................................	65 
4.1.2  Process	Model	............................................................................................................................	66 
4.1.3  Competency	................................................................................................................................	66 
4.1.4  Process	requirement	...............................................................................................................	67 
4.1.5  Process	solution	........................................................................................................................	67 
4.1.6  Product	family............................................................................................................................	67 
4.1.7  Reconfigurability	concepts	in	human	systems:	Programmability	.......................	68 
  
 
iii 
 
4.1.8  Reconfigurability	concepts	in	human	systems:	Configurability............................	69 
4.2  Modelling	technologies	.................................................................................................	69 
4.2.1  Static	Modelling	.........................................................................................................................	72 
4.2.2  Simulation	Modelling	..............................................................................................................	73 
4.3  Modelling	methods:	to	provide	a	stepwise	modelling	approach	...................	73 
4.3.1  Step	1:	Enterprise	Modelling	...............................................................................................	73 
4.3.2  Step	2:	Product	classification	and	work	organisation	...............................................	78 
4.3.3  Step	3:	Resource	Modelling	..................................................................................................	79 
4.3.4  Step	4:	Integration	Modelling	..............................................................................................	79 
4.3.5  Step	5:	Dynamic	modelling	steps	.......................................................................................	81 
4.3.6  Analysis	and	observation	......................................................................................................	85 
4.4  Proposed	research	novelty/contributions	............................................................	87 
4.5  Concluding	remarks	.......................................................................................................	88 
5  Chapter	5:	Case	 study	1‐	Deployment	of	modelling	method	1	 (MM1)	 to	
model	human	systems	in	a	manufacturing	enterprise	 ‐	the	case	of	a	bearing	
company.	................................................................................................................................	89 
5.1  Case	study	1:	Introduction	...........................................................................................	89 
5.2  Step	1:	Enterprise	model	of	the	case	study	bearing	company	........................	89 
5.3  Step	2:	Product	classification	and	work	organisation	.......................................	92 
5.4  Step	3:	Resource	modelling	.........................................................................................	93 
5.5  Step	4:	Integration	modelling:	Process,	Role	Systems	and	Workload	..........	94 
5.6  Step	 5:	Dynamic	 implementation	 of	 selected	 segments	 of	 the	 case	 study	
models	via	Simulation	modelling	............................................................................................	96 
5.7  Step	6:	Case	Study	SM	developments	and	experiments	..................................	101 
5.7.1  Experiment	1:	Validation	...................................................................................................	105 
5.7.2  Experiment	2:	Reprogramming	human	systems	......................................................	112 
5.7.3  Experiment	3:	Reconfigurable	human	systems	........................................................	114 
5.8  Results	and	Analysis:	Experiment	2	and	3	..........................................................	116 
5.9  Observations	..................................................................................................................	121 
5.10  Usefulness	of	proposed	integrated	methodology	.............................................	123 
5.11  Concluding	remarks	....................................................................................................	124 
6  Chapter	6:	Case	 study	2‐	Deployment	of	modelling	method	2	 (MM2)	 to	
model	human	systems	in	lean	cells	in	ARTFORM	International	Ltd	..............	125 
  
 
iv 
 
6.1  Case	study	2:	Introduction	........................................................................................	125 
6.2  Assembly	work	in	ARTFORM	...................................................................................	128 
6.3  Process	classification	based	on	grouping	of	ARTFORM	Ltd	operations	...	129 
6.4  Step	1:	Enterprise	model	for	ARTFORM	Ltd	.......................................................	131 
6.5  Step	2:	Product	classification	and	work	organisation	....................................	132 
6.6  Step	3:	Resource	modelling	......................................................................................	135 
6.7  Step	 4:	 Integration	modelling:	Process,	Role	 Systems	 and	Workload	 and	
introduction	of	MM2	..................................................................................................................	139 
6.8  Step	5:	Dynamic	 Implementation	of	 selected	 segments	of	 the	Case	 Study	
Models	via	Simulation	modelling	.........................................................................................	142 
6.9  Step	6:	Case	Study	SM	description	and	experiments	.......................................	146 
6.9.1  Experiment	1:	Validation	...................................................................................................	146 
6.9.2  Experiment 2: Reprogramming human system configurations	.................................	149 
6.10  Results	and	Analysis:	Experiment	2.1	...................................................................	152 
6.11  Observations	..................................................................................................................	156 
6.12  Usefulness	of	proposed	integrated	methodology	.............................................	157 
6.13  Concluding	remarks	....................................................................................................	158 
7  Chapter	 7:	 Case	 study	 3	 ‐	Application	 of	 the	Modelling	Methodology	 3	
(MM3)	in	an	air‐conditioning	company	SL	Ltd	......................................................	159 
7.1  Case	study	3:	Introduction	........................................................................................	159 
7.1.1  Company	Background	.........................................................................................................	159 
7.1.2  Assembly	work	in	SL	Ltd	....................................................................................................	160 
7.2  Step	1:	Create	an	Enterprise	model	for	SL	Ltd	...................................................	162 
7.3  Step	2:	Product	classification	based	on	similarity	of	processing	operations
	 164 
7.4  Step	3:	Role	&	Resource	modelling	........................................................................	167 
7.5  Step	 4	 Integration	 modelling:	 Conceptualisation	 of	 Process,	 Resource	
System	and	Workload	Configurations	................................................................................	171 
7.5.1  Application	of	the	Dynamic	Producer	Unit	(DPU)	Concept	in	SL	......................	171 
7.6  Step	5:	Dynamic	Implementation	of	selected	segments	of	the	Case	Study	2	
Models	via	Simulation	modelling	.........................................................................................	174 
7.7  Step	6:	Case	Study	SM	description	and	experiments	.......................................	177 
7.7.1  Case	Study	SM	Description	................................................................................................	178 
7.7.2  Experiment	1	Validation	.....................................................................................................	178 
  
 
v 
 
7.7.3  Experiment	2:	Reprogramming	human	system	configurations	.........................	180 
7.7.4  Experiment	3:	Reconfigurable	human	systems	........................................................	181 
7.7.5  Experiment	4:	Human	change	capability	experiment	............................................	182 
7.8  Results	and	Analysis	....................................................................................................	184 
7.9  Observations	..................................................................................................................	192 
7.10  Usefulness	of	proposed	integrated	methodology	MM3	in	case	study	3	....	194 
7.11  Concluding	remarks	....................................................................................................	195 
8  Chapter	 8:	Methodology	 for	Modelling	Human	 Systems	within	 specific	
case	MEs	...............................................................................................................................	197 
8.1  Operations	in	ARTFORM	(AF)	Ltd	..........................................................................	197 
8.2  Decision	making	about	AF	production	operations	..........................................	198 
8.3  Need	to	decision‐support	Lean	and	Agile	engineering	in	AF	........................	199 
8.4  Multiple	Purposes	of	SMs	derived	from	the	AF	EM	..........................................	200 
8.5  Scope	of	SM	and	targeted	users	...............................................................................	201 
8.6  Fundamental	assumptions	&	assumption	testing	............................................	201 
8.7  AF	assembly	configuration	to	be	systematically	investigated	.....................	202 
8.8  Experimental	design,	input	data	and	key	performance	indicators	...........	203 
8.9  Experiment	Implementation	....................................................................................	207 
8.9.1  Experiment	1:	Assembly	line	for	cosmetics	POP	product	Rimmel	...................	207 
8.9.1  Experiment	2:	Assembly	line	for	telecommunication	POP	Voda	.......................	225 
8.9.2  Experiment	3:	Shared	assembly	line	for	POP	products	Rimmel	and	Voda	...	238 
8.9.3  Analysis	and	Concluding	remarks	..................................................................................	254 
9  Chapter	9:	Discussion,	conclusions	and	further	work	................................	256 
9.1  Introduction	...................................................................................................................	256 
9.2  Research	summarised	................................................................................................	256 
9.3  Discussion	&	Reflection..............................................................................................	258 
9.4  More	Specific	Research	Achievements	.................................................................	261 
9.5  Research	reflections	....................................................................................................	265 
9.5.1  On	Methodology	Developments	Realised	....................................................................	265 
9.5.2  On	Exploratory	Testing	of	the	Methodology	..............................................................	267 
9.6  Contributions	to	knowledge	.....................................................................................	269 
9.7  Critical	Review	of	the	research	...............................................................................	270 
9.8  Further	work	..................................................................................................................	271 
  
 
vi 
 
References	..........................................................................................................................	273 
Appendices	.........................................................................................................................	281 
9.9  Appendix	1	......................................................................................................................	281 
9.10  Appendix	2	......................................................................................................................	281 
9.11  Appendix	3	......................................................................................................................	281 
9.12  Appendix	4	......................................................................................................................	281 
9.13  Appendix	5	......................................................................................................................	281 
9.14  Appendix	6	......................................................................................................................	281 
9.15  Appendix	7	......................................................................................................................	281 
 
Index of Figures 
FIGURE	1‐1	POSSIBLE	MODELLED	VIEWS	ON	HUMAN	SYSTEM	ENTITIES	................................................................................	6 
FIGURE	2‐1	LEWIN’S	DYNAMIC	THEORY	OF	PERSONALITY	(ADAPTED	FROM	BAINES,	ASCH	ET	AL.	2005)	..................	15 
FIGURE	2‐2	HUMAN	INTEGRATION	MODEL	(ADAPTED	FROM	BENNOUR	AND	CRESTANI	2007)	...................................	21 
FIGURE	2‐3	KEY	STAGES	USED	IN	DISCRETE	EVENT	SIMULATION	(DES)	(ADAPTED	FROM	SOMMERVILLE	1989)	..	26 
FIGURE	2‐4:	INTERPRETATION	OF	THREE	DIFFERENT	ELEMENTS	TO	DISCRETE	EVENT	SIMULATION(ADAPTED	FROM	
PIDD	1998)	.......................................................................................................................................................................	27 
FIGURE	2‐5:	THE	QUALITY‐COST‐DELAY	PARADIGM	(ADAPTED	FROM	VERNADAT	2002)	...........................................	32 
FIGURE	2‐6:	ARIS	VIEWS	(ADAPTED	FROM	SCHEER	1994)	................................................................................................	35 
FIGURE	2‐7:	PHASES	OF	PERA	(ADAPTED	FROM	WILLIAMS	1994)	..................................................................................	36 
FIGURE	2‐8:	ZACHMAN	FRAMEWORK	(ADAPTED	FROM	FINKELSTEIN	2006)	..................................................................	38 
FIGURE	2‐9	THE	CIMOSA	MODELLING	FRAMEWORK	‐CIMOSA	CUBE	(ADAPTED	FROM	VERNADAT	1996)	............	40 
FIGURE	2‐10:	DECOMPOSITION	OF	ENTERPRISE	ACTIVITIES	AND	MATCHING	OF	FUNCTIONAL	OPERATIONS	(ADAPTED	
FROM	WESTON,	RAHIMIFARD	ET	AL.	2009)	................................................................................................................	43 
FIGURE	2‐11‐CIMOSA	DIAGRAM	 INCORPORATING	HUMAN	RESOURCE	ORIENTED	MODELLING	 CONCEPT	 (ADAPTED	
FROM	WESTON,	RAHIMIFARD	ET	AL.	2009)	................................................................................................................	49 
FIGURE	3‐1A	PRODUCTION	SYSTEMS	WITH	WORK	CHANGING	DYNAMICS	...........................................................................	57 
FIGURE	3‐2	PROCESS	SOLUTION	AND	PROCESS	REQUIREMENTS	.........................................................................................	59 
FIGURE	3‐3:		DETAILS	OF	PROCESS	REQUIREMENTS	AND	PROCESS	SOLUTIONS.	................................................................	59 
FIGURE	4‐1:	SEPARATION	OF	THE	MODELLING	CONCEPTS	PROPOSED	FOR	MODELLING	HUMAN	SYSTEM	IN	MES	.......	65 
FIGURE	4‐2:	PRODUCT	FAMILY	IN	PRODUCTION	SYSTEM	.......................................................................................................	68 
FIGURE	4‐3:	HUMAN	SYSTEM	ENTITIES	....................................................................................................................................	71 
FIGURE	4‐4:	CIMOSA	ARCHITECTURE	(ADAPTED	FROM	VERNADAT	1996)	...................................................................	74 
FIGURE	4‐5:	CONTEXT,	INTERACTION,	STRUCTURE	AND	ACTIVITY	DIAGRAMS	..................................................................	76 
  
 
vii 
 
FIGURE	 4‐6:	 DECOMPOSITION	 OF	 ENTERPRISE	 ACTIVITIES	 AND	 MATCHING	 OF	 FUNCTIONAL	 OPERATIONS	 AND	
FUNCTIONAL	ENTITIES	TO	ENTERPRISE	ACTIVITIES	(ADAPTED	FROM	WESTON,	ZHEN	ET	AL.	2006).	..............	78 
FIGURE	4‐7:		SEMI	GENERIC	INTEGRATION	OF	MODELLING	METHODS	AND	CONCEPTS	FOR	PS.......................................	80 
FIGURE	4‐8:	DYNAMIC	MODELLING	STEPS	...............................................................................................................................	81 
FIGURE	4‐9:	TECHNOMATIX	SIMULATION	MODELLING	SOFTWARE	......................................................................................	84 
FIGURE	4‐10:	SIMULATION	MODEL	SAMPLE	............................................................................................................................	84 
FIGURE	4‐11:	MODELLING	FLOW	..............................................................................................................................................	86 
FIGURE	5‐1	ACM	TOP	LEVEL	CONTEXT	DIAGRAM	................................................................................................................	90 
FIGURE	5‐2:EXEMPLARY	CIMOSA	EXTENDED	ENTERPRISE	ACTIVITIES	DIAGRAM	FOR	ACM	BEARINGS	LTD	............	93 
FIGURE	5‐3:	ROLES	IDENTIFIED	IN	THE	RAW	MATERIALS	PROCESSING	SHOP	....................................................................	94 
FIGURE	5‐4:	CONCEPTUAL	ILLUSTRATION	OF	A	MULTI	VALUE	PRODUCTION	SYSTEM.......................................................	95 
FIGURE	5‐5:		ILLUSTRATIVE	DEPICTION	OF	THE	CASE	STUDY	ENTERPRISE	AS	A	MULTI	VALUE	PRODUCTION	SYSTEM	96 
FIGURE	5‐6	ENTERPRISE	MODELLING:	FROM	DOMAIN	TO	ENTERPRISE	.............................................................................	97 
FIGURE	5‐7:	FLAT	SHEET	MATERIALS	MAKING	ACTIVITIES	AND	OPERATION	.....................................................................	98 
FIGURE	5‐8:	HUMAN	RESOURCES	COMPETENCY	MODELLING	IN	ACM	BEARINGS	LTD	.................................................	101 
FIGURE	5‐9:	CONCEPTUAL	OPERATIONS	FOR	BEARING	PRODUCTS	IN	ACM	BEARING	LTD	..........................................	107 
FIGURE	5‐10:	SIMULATION	MODEL	OF	CASE	STUDY	1‐	SCENARIO	FLAT	SHEET	BEARING	..............................................	108 
FIGURE	5‐11:	CONCEPTUAL	LAYOUT	OF	VALIDATION	MODELLING	EXPERIMENT	...........................................................	110 
FIGURE	5‐12:	WORKLOAD	INPUT	SCREENSHOT	IN	TECHNOMATIX	PLANT	SIMULATION	MODELLING	.......................	111 
FIGURE	5‐13:	LEAD‐TIME	GRAPH	FOR	EXPERIMENT	2.1	....................................................................................................	118 
FIGURE	5‐14:	PRODUCTION	COST/VALUE	GRAPH	FOR	EXPERIMENT	2.1	........................................................................	119 
FIGURE	5‐15:	LEAD‐TIME	GRAPH	FOR	EXPERIMENT	3.1	....................................................................................................	119 
FIGURE	5‐16:	PRODUCTION	COST/VALUE	GRAPH	FOR	EXPERIMENT	3.1	........................................................................	120 
FIGURE	5‐17:	SIMULATION	DYNAMICS	AT	WORKSTATIONS	FOR	WL1	............................................................................	120 
FIGURE	5‐18:	SIMULATION	DYNAMICS	AT	WORKSTATIONS	FOR	WL8	............................................................................	121 
FIGURE	6‐1	:		ARTFORM	TOP	LEVEL	ORGANISATIONAL	CHART	......................................................................................	126 
FIGURE	6‐2:		GENERIC	CLOSED‐LOOP	OF	ARTFORM	OPERATIONS.	................................................................................	127 
FIGURE	6‐3:	PROCESS	CLASSES	AT	ARTFORM	INTERNATIONAL	LTD.	...........................................................................	130 
FIGURE	6‐4:	ARTFORM	TOP	LEVEL	CONTEXT	DIAGRAM	................................................................................................	131 
FIGURE	6‐5:	PROCESS	BASED	PRODUCT	SEGMENTATION	....................................................................................................	133 
FIGURE	6‐6:	EXEMPLARY	CIMOSA	EXTENDED	ENTERPRISE	MODELLING	FOR	ASSEMBLY	PROCESS	OF	THE	LEAN	CELLS
	...........................................................................................................................................................................................	135 
FIGURE	6‐7:	ROLES	IDENTIFIED	IN	THE	ASSEMBLY	SHOP	FOR	LEAN	CELLS	AND	BATCH	ASSEMBLY	............................	137 
FIGURE	6‐8:	HUMAN	RESOURCES	COMPETENCY	MODELLING	IN	ARTFORM	LTD	ASSEMBLY	FLOOR.	........................	139 
FIGURE	6‐9:	CONCEPTUAL	VIEW	OF	THE	INTEGRATION	MODEL	IN	SM	............................................................................	141 
FIGURE	6‐10:	ENTERPRISE	MODELLING:	EXEMPLARY	MODEL	‐	DOMAIN	TO	ENTERPRISE	ACTIVITIES	......................	143 
FIGURE	6‐11:	EXEMPLARY	LEAN	CELL	ENTERPRISE	ACTIVITIES	DIAGRAM	......................................................................	143 
  
 
viii 
 
FIGURE	 6‐12:	 CONCEPTUAL	 ORDER	 OF	 OPERATIONS	 PERFORMED	 AT	 DIFFERENT	 WORK	 CENTRES	 I.E.	 BATCH	
ASSEMBLY	AND	LEAN	CELLS	..........................................................................................................................................	145 
FIGURE	6‐13:	SIMULATION	MODEL	OF	LEAN	CELLS	ASSEMBLY	AND	BATCH	ASSEMBLY	................................................	145 
FIGURE	6‐14:	PRODUCTION	VALUE/COST	GRAPH	FOR	LEAN	CELLS	..................................................................................	153 
FIGURE	6‐15:	LEAD‐TIME	GRAPH	FOR	LEAN	CELLS	.............................................................................................................	153 
FIGURE	6‐16:	PRODUCTION	VALUE/COST	GRAPH	FOR	BATCH	ASSEMBLY	.......................................................................	154 
FIGURE	6‐17:	LEAD‐TIME	GRAPH	FOR	BATCH	ASSEMBLY	...................................................................................................	154 
FIGURE	6‐18:	SIMULATION	DYNAMICS	IN	LEAN	CELLS	.......................................................................................................	155 
FIGURE	6‐19:	SIMULATION	DYNAMICS	IN	BATCH	ASSEMBLY.............................................................................................	155 
FIGURE	7‐1:	GENERIC	CIMOSA	MODELLING	FOR	ASSEMBLY	PROCESSES	IN	ASSEMBLY	SHOP	1	AND	2	....................	161 
FIGURE	7‐2:	SL	TOP	LEVEL	CONTEXT	DIAGRAM	.................................................................................................................	162 
FIGURE	7‐3:	EXEMPLARY	PROCESS	DECOMPOSITION	IN	SL	LTD	.......................................................................................	164 
FIGURE	7‐4:	 ILLUSTRATIVE	DEPICTION	OF	THE	CASE	 STUDY	ENTERPRISE	AS	A	MULTI	VALUE	PRODUCTION	SYSTEM
	...........................................................................................................................................................................................	164 
FIGURE	7‐5:	ROLES	IDENTIFIED	IN	SL	LTD	ASSEMBLY	SHOP	.............................................................................................	167 
FIGURE	7‐6:	HUMAN	RESOURCE	COMPETENCY	MODELLING	IN	SL	LTD	...........................................................................	170 
FIGURE	7‐7:	GENERIC	DPU	ARCHITECTURE	CONFIGURATION	(WESTON,	ZHEN	ET	AL.	2006;	WESTON,	RAHIMIFARD	
ET	AL.	2009)	..................................................................................................................................................................	172 
FIGURE	7‐8:	GENERIC	LARGE	SCALE	DPU	MODELLING	(WESTON,	RAHIMIFARD	ET	AL.	2009)	.................................	173 
FIGURE	7‐9	DETAILED	DPU	MODELLING	PROPOSED	FOR	INTEGRATION	MODEL	IN	CASE	STUDY	3	.............................	174 
FIGURE	7‐10	TEAM	OF	STAFF	IN	ASSEMBLY	SHOP	2	...........................................................................................................	176 
FIGURE	7‐11:	SL	LTD	CONCEPTUAL	SM	MODELLING	.........................................................................................................	176 
FIGURE	7‐12:	SIMULATION	MODEL	OF	ASSEMBLY	SHOP	2	(LSF	A/CS)	..........................................................................	176 
FIGURE	7‐13:	PRODUCTION	VALUE/COST	GRAPH	FOR	EXPERIMENT	2.1	........................................................................	186 
FIGURE	7‐14:	LEAD‐TIME	GRAPH	FOR	EXPERIMENT	2.1	....................................................................................................	187 
FIGURE	7‐15:	PRODUCTION	VALUE/COST	GRAPH	FOR	EXPERIMENT	3.1	........................................................................	187 
FIGURE	7‐16:	LEAD‐TIME	GRAPH	FOR	EXPERIMENT	3.1	....................................................................................................	188 
FIGURE	7‐17:	PRODUCTION	VALUE/COST	GRAPH	FOR	EXPERIMENT	4.1‐	ROOF	A/C	..................................................	188 
FIGURE	7‐18:	LEAD‐TIME	GRAPH	FOR	EXPERIMENT	4.1‐	ROOF	A/C	..............................................................................	189 
FIGURE	7‐19:	PRODUCTION	VALUE/COST	GRAPH	FOR	EXPERIMENT	4.1‐AAC	A/C	.....................................................	189 
FIGURE	7‐20:	SM	WORKSTATION	DYNAMICS	GRAPH	FOR	EXPERIMENT	2.1	...................................................................	190 
FIGURE	7‐21:	SM	WORKSTATION	DYNAMICS	GRAPH	FOR	EXPERIMENT	3.1	...................................................................	190 
FIGURE	7‐22:	SM	WORKSTATION	DYNAMICS	GRAPH	FOR	EXPERIMENT	4.1‐	ROOF	A/C	.............................................	191 
FIGURE	7‐23:	SM	WORKSTATION	DYNAMICS	GRAPH	FOR	EXPERIMENT	4.1‐	ACC	A/C	...............................................	191 
FIGURE	8‐1:	ENTERPRISE	MODEL	(EM)	IN	RIMMEL	ASSEMBLY	LINE.	............................................................................	208 
FIGURE	 8‐2: ASSEMBLY	 ACTIVITIES	 THAT	 LINK	 ROLES	 REQUIREMENTS	 AND	 ROLE	 HOLDERS	 FOR	 THE	 RIMMEL	
PRODUCT	GROUP	.............................................................................................................................................................	209 
FIGURE	8‐3:	SCREEN	SHOT	OF	THE	SIMUL8	MODEL	OF	RIMMEL	PRODUCT	ASSEMBLY	PROCESS	.................................	219 
  
 
ix 
 
FIGURE	8‐4:	LEAD	TIME	AND	THROUGHPUT	RELATIONSHIP	..............................................................................................	220 
FIGURE	8‐5:	STAFF	UTILIZATION	PERCENTAGE	RESULT	FOR	CONFIGURATION	1,	2	AND	3	..........................................	221 
FIGURE	8‐6:	WORKSTATION	WORKING	PERCENTAGE	FOR	CONFIGURATION	1,	2,	AND	3	.............................................	222 
FIGURE	8‐7:	VALUE	GENERATED	PER	UNIT	RATIO	...............................................................................................................	224 
FIGURE	8‐8:	ENTERPRISE	MODEL	(EM)	IN	VODA	ASSEMBLY	LINE.	.................................................................................	226 
FIGURE	8‐9:	ASSEMBLY	ACTIVITIES	THAT	LINK	ROLE	REQUIREMENTS	AND	ROLE	HOLDERS	FOR	VODA	...................	227 
FIGURE	8‐10:	SCREEN	SHOT	OF	THE	SIMUL8	MODEL	OF	VODA		PRODUCT	ASSEMBLY	PROCESS	..................................	232 
FIGURE	8‐11:	LEAD	TIME	AND	THROUGHPUT	RELATIONSHIP	...........................................................................................	233 
FIGURE	8‐12:	STAFF	UTILIZATION	PERCENTAGE	RESULT	FOR	SET	1,	2	AND	3	..............................................................	234 
FIGURE	8‐13:	WORKSTATION	WORKING	PERCENTAGE	FOR	SET	1,	2,	AND	3	..................................................................	235 
FIGURE	8‐14:	VALUE	GENERATED	PER	UNIT	RATIO	............................................................................................................	236 
FIGURE	8‐15:	EM	FOR	POP	RIMMEL	AND	VODA	ASSEMBLY	LINE	....................................................................................	239 
FIGURE	8‐16:	ASSEMBLY	ACTIVITIES	THAT	LINK	ROLE	REQUIREMENTS	AND	ROLE	HOLDERS	FOR	VODA	AND	RIMMEL	
SHARED	ASSEMBLY	LINE	................................................................................................................................................	239 
FIGURE	8‐17:	ASSEMBLY	LAYOUT	FOR	RIMMEL	AND	VODA	IN	SIMUL8	MODELLING	SOFTWARE.	..............................	246 
FIGURE	8‐18:	LEAD	TIME	AND	THROUGHPUT	RELATIONSHIP	FOR	VODA	........................................................................	247 
FIGURE	8‐19:	LEAD	TIME	AND	THROUGHPUT	RELATIONSHIP	FOR	RIMMEL	....................................................................	248 
FIGURE	8‐20:	STAFF	UTILIZATION	PERCENTAGE	RESULT	FOR	SET	1,	2	AND	3	..............................................................	249 
FIGURE	8‐21:	WORKSTATION	WORKING	PERCENTAGE	FOR	SET	1,	2,	AND	3	..................................................................	250 
FIGURE	8‐22:	VALUE	GENERATED	PER	UNIT	RATIO	FOR	VODA	.........................................................................................	252 
FIGURE	8‐23:	VALUE	GENERATED	PER	UNIT	RATIO	FOR	VODA	.........................................................................................	252 
 
Index of Tables 
TABLE	2‐1:	REVIEW	OF	FOUNDATION	OF	HUMAN	SYSTEM	THEORIES	AND	FRAMEWORK	(BAINES,	ASCH	ET	AL.	2005)
	..............................................................................................................................................................................................	16 
TABLE	2‐2:	RECENT	DEVELOPMENT	IN	HUMAN	SYSTEM	MODELLING	.................................................................................	17 
TABLE	2‐3	HUMAN	MODELLING	APPROACH	(AJAEFOBI	AND	WESTON	2006)	.................................................................	20 
TABLE	2‐4	COMPETENCY	CLASS	DEFINITION	(AJAEFOBI,	WESTON	ET	AL.	2006)	..........................................................	20 
TABLE	2‐5	DISCRETE	EVENT	SIMULATION	EXECUTION	MANNER(PIDD	1998)	.................................................................	28 
TABLE	 2‐6:	 BASIC	 CONCEPTS	 DIFFERENCE	 FOR	 DISCRETE	 AND	 CONTINUOUS	 SIMULATION	 MODEL(BOUCHHIMA,	
NICOLESCU	ET	AL.	2005)	................................................................................................................................................	29 
TABLE	2‐7	STRENGTH	AND	WEAKNESSES	OF	SIMULATION	MODELLING	SOFTWARE	.......................................................	30 
TABLE	2‐8:	COMPLEMENTARY	PROPERTIES	OF	ENTERPRISE	MODELLING	AND	SIMULATION	MODELLING	APPROACHES	
(ADOPTED	FROM	RAHIMIFARD	AND	WESTON,	2006)	...............................................................................................	46 
TABLE	3‐1:	RESEARCH	APPROACH	............................................................................................................................................	61 
TABLE	4‐1:	PROGRAMMABLE	AND	CONFIGURABLE	HUMAN	SYSTEMS	.................................................................................	69 
  
 
x 
 
TABLE	5‐1:	MEASURED	OPERATION	TIMES	FOR	KEY	PRODUCT	TYPES	................................................................................	96 
TABLE	5‐2:	FLAT	SHEET	BEARING	‘AS‐IS’	PRODUCTION	ACTIVITIES	AND	OPERATION	TIME.	...........................................	99 
TABLE	5‐3:	FLAT	SHEET	BEARING	PRODUCTION	ACTIVITIES,	ROLES	ALLOCATION	AND	ROLE	HOLDERS	....................	106 
TABLE	5‐4:	VALIDATION	OF	EXPERIMENT	RESULTS:	VALIDATION	MODEL	DATA	AGAINST	ACTUAL	DATA	..................	111 
TABLE	5‐5	:	WORKLOAD	1,	2,	3,	4,	5,	6,	7	AND	8	...............................................................................................................	113 
TABLE	5‐6:	HUMAN	RESOURCE	ASSIGNMENT	.......................................................................................................................	113 
TABLE	5‐7:	REPROGRAMMABLE	HUMAN	CONFIGURATION	AND	SIMULATION	EXPERIMENT	SET‐UP	...........................	114 
TABLE	5‐8:	WORKER’S	COMPETENCIES	MODELLING	..........................................................................................................	114 
TABLE	5‐9:	RECONFIGURABLE	HUMAN	SET‐UP	AND	SIMULATION	EXPERIMENT	SET‐UP	..............................................	115 
TABLE	5‐10:	EXPERIMENT	2.1	RESULTS...............................................................................................................................	117 
TABLE	5‐11:	EXPERIMENT	3.1	RESULTS...............................................................................................................................	118 
TABLE	6‐1:	LEAN	CELLS	ROLES	ALLOCATION	AND	OPERATION	TIME	...............................................................................	138 
TABLE	6‐2:	BATCH	ASSEMBLY	ROLES	ALLOCATION	AND	OPERATION	TIME	.....................................................................	139 
TABLE	6‐3:	LEAN	CELLS	ROLES	ALLOCATION	AND	OPERATION	TIME	...............................................................................	147 
TABLE	6‐4:	BATCH	ASSEMBLY	ROLES	ALLOCATION	AND	OPERATION	TIME	.....................................................................	147 
TABLE	6‐5:	RESULTS	OF	THE	VALIDATION	EXPERIMENT	....................................................................................................	149 
TABLE	6‐6:	HUMAN	RESOURCE	ASSIGNMENT	IN	LEAN	CELLS	............................................................................................	150 
TABLE	6‐7:	HUMAN	RESOURCE	ASSIGNMENT	IN	BATCH	ASSEMBLY	..................................................................................	150 
TABLE	6‐8:	WORKLOAD	(WL1‐WL8)	.................................................................................................................................	150 
TABLE	6‐9:	REPROGRAMMABLE	HUMAN	CONFIGURATION	AND	SIMULATION	EXPERIMENT	SET‐UP	...........................	151 
TABLE	6‐10:	WORKER’S	COMPETENCY	MODELLING	IN	LEAN	CELLS.	................................................................................	151 
TABLE	6‐11:	WORKER’S	COMPETENCY	MODELLING	IN	BATCH	ASSEMBLY	......................................................................	151 
TABLE	6‐12:	EXPERIMENT	RESULTS	FOR	LEAN	CELLS	........................................................................................................	152 
TABLE	6‐13:	EXPERIMENT	RESULTS	FOR	BATCH	ASSEMBLY	..............................................................................................	152 
TABLE	7‐1:	LSF	ASSEMBLY	ROLES	ALLOCATION	AND	ESTIMATED	OPERATION	TIMES.	.................................................	169 
TABLE	7‐2:	MATCHING	PROCESS	REQUIREMENTS	TO	PROCESS	SOLUTIONS	....................................................................	171 
TABLE	7‐3:	TEAM	AND	ROLE	HOLDERS	IN	LSF	A/C’S	ASSEMBLY	LINE.	...........................................................................	177 
TABLE	7‐4:	WORKLOAD	WL1‐	WL8	....................................................................................................................................	177 
TABLE	7‐5:	LSF	ASSEMBLY	ROLES	ALLOCATION	AND	OPERATION	TIME.	.........................................................................	179 
TABLE	7‐6:	VALIDATION	EXPERIMENT	RESULTS	FOR	SL	LTD	CASE	STUDY	.....................................................................	179 
TABLE	7‐7:	HUMAN	RESOURCE	ASSIGNMENT	TO	ROLES	IN	SL	ASSEMBLY	2	...................................................................	180 
TABLE	7‐8:		REPROGRAMMABLE	HUMAN	CONFIGURATION	AND	SIMULATION	EXPERIMENT	DESIGN	..........................	181 
TABLE	7‐9:	WORKER’S	COMPETENCY	MODELLING	IN	A2	ASSEMBLY	...............................................................................	181 
TABLE	7‐10:	RECONFIGURABLE	EXPERIMENT	HUMAN	CONFIGURATION	AND	SIMULATION	EXPERIMENT	SET‐UP	...	182 
TABLE	7‐11:	ROOF	A/C	ASSEMBLY	OPERATIONS	AND	OP	TIME	.......................................................................................	183 
TABLE	7‐12:		ACC	A/C	ASSEMBLY	OPERATIONS	AND	OP	TIME	........................................................................................	183 
TABLE	7‐13:	HUMAN	CONFIGURATION	IN	ROOF	A/C	........................................................................................................	184 
TABLE	7‐14:	HUMAN	CONFIGURATION	IN	ACC	A/C.	.........................................................................................................	184 
  
 
xi 
 
TABLE	7‐15:	EXPERIMENT	RESULTS	FOR	EXPERIMENT	2.1	...............................................................................................	185 
TABLE	7‐16:	EXPERIMENT	RESULTS	FOR	EXPERIMENT	3.1	...............................................................................................	185 
TABLE	7‐17:	EXPERIMENT	RESULTS	FOR	EXPERIMENT	4.1	–	ROOF	A/C’S	....................................................................	186 
TABLE	7‐18:	EXPERIMENT	RESULTS	FOR	EXPERIMENT	4.1‐	AAC	A/C’S	.......................................................................	186 
TABLE	7‐19:	EXPERIMENT	2.1	AND	3.1	HUMAN	CAPACITY	COMPETENCIES	..................................................................	193 
TABLE	9‐1:	RESEARCH	OBJECTIVES	AND	ACHIEVEMENTS	..................................................................................................	265 
TABLE	9‐2:	METHODOLOGY	DEVELOPED	..............................................................................................................................	267 
TABLE	9‐3:	METHODOLOGY	IMPLEMENTED	.........................................................................................................................	268 
 
Index of Abbreviation 
EM- enterprise modelling 
PS- production system 
PERA- Purdue Enterprise Reference Architecture 
ARIS- Architecture for Integrated Information Systems 
GRAI- Graphe `a R`esultats et Activit ́es Interli ́es 
GIM- GRAI integrated modelling 
DES- discrete event simulation 
EI- enterprise integration 
ME- manufacturing enterprise 
IT - information technology 
CIM- computer integrated manufacturing 
CIMOSA-CIM Open System Architecture 
MSI- Manufacturing Systems Integration Group Loughborough University 
MPM- multi process modelling 
MM1- modelling method 1 
MM2- modelling method 2 
MM3- modelling method 3 
E-MPM- enhance multi process modelling 
  
 
xii 
 
FE- functional entities 
FO-functional operations 
D- domain 
DP-domain process 
BP- business process 
EA- enterprise activities 
SME- small medium enterprise 
UML - Unified Modelling Language 
OMG- Object Management Group 
WC – work centres 
P- process 
R- roles 
RH- role holders 
TOGAF- The Open Group Architecture Framework 
VL- Values 
Chapter 1: Introduction  
 
 
 
Siti Nurhaida Khalil 1 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
 
 
1 Chapter 1: Manufacturing system complexity and the need 
for human system modelling 
1.1 Introduction 
The designers and managers of Manufacturing Enterprises (MEs) require ‘abilities’, and 
suitable ‘tools’, to determine appropriate ‘roles’ for other ‘groups of people’. But ME 
design and management is in general very complex, not least because competent human 
resources will be limited, and costly, and the roles they play are often complex and 
interdependent. Recently there has been increased interest in the study of human 
systems and the activities they realise within MEs. This growing interest has lead to 
strategies for coping with human systems complexity, which not only considers 
functional aspects of people but also their related behavioural, psychological, cultural 
attributes.  Thus this research was conceived to explore the use of case study human 
systems currently operating in manufacturing environments, and by so doing to realise 
two goals: 
 To propose a human systems modelling technique; which can be used on an 
ongoing and systematic basis to better understand and engineer human 
systems, that have needed capabilities to match changing production system 
requirements.  
 To quantify key aspects of human system dynamics; by developing and using 
a combination of ‘static’ and ‘dynamic’ models of human systems.  
This thesis will present the background to this research work. It will also explain and 
illustrate how enterprise (static) and simulation (dynamic) models can be used in a 
complementary fashion to visualize and computer-execute alternative scenarios of 
human system deployment. Further it exemplifies the use of a new integrated approach 
to enterprise and simulation modelling which enables ME decision makers; by 
qualifying and quantifying functional and change capability behaviours of human 
systems when they operate in case study manufacturing environments. 
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1.2 Manufacturing complexity and manufacturing paradigms 
Over many years great interest has been placed in managing complexity in 
manufacturing organizations. Siemieniuch and Sinclair (adapted from 2002) defined 
manufacturing complexity from an organization perspective as arising from the 
interactions between entities of an organization that give rise to unpredictable 
organization performance. Common entities in manufacturing organizations comprise 
human resources, electro-mechanical and IT machines; which typically are organized to 
realize infrastructure services and customer related processes (Vinodrai Pandya, 
Karlsson et al. 1997; Siemieniuch and Sinclair 2002).  
When seeking to manage complexity various approaches and manufacturing paradigms 
have been introduced. One good example is Group Technology (GT) which was 
conceived and introduced within industries to improve manufacturing processes by 
means of grouping and coding (Lu and Ham 1989; Hon and Chi 1994). GT types of 
activities are also referred to as being based on classification and clustering of: parts 
that are similar in nature; or parts that require operations of similar machinery and 
processes (Kusiak and Heragu 1987). Advantages of deploying GT philosophy are to: 
(1) simplify the flow of parts and tools, (2) reduce set-up times, (3) increase through-put 
time, (4) reduce work-in-process inventory and (5) maximize design and manufacturing 
efficiencies. However, according to Kusiak and Heragu (1987) the use of a clustering 
method may not be efficient because of constraints from needed information flow in the 
processes; like if data in relation to material, geometry and tolerances is not available. 
In such cases the classification method may prove more effective than clustering 
system. Kusiak and Heragu (1987) also proposed use of a hybrid classification and 
clustering system and suggested that this combined approach can be further improved 
through optimization linked with the use of some form of artificial intelligence system. 
Lean or Lean thinking was introduced to improve the management of complexities and 
to reduce production waste. Lean literally means reducing waste and because many of 
LM (Lean Manufacturing) ideas originated from Japan the Japanese word muda has 
been widely associated with LM. The basis of LM philosophy is to enhance mass 
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production lines by getting the right thing in the right place the first time (to reduce 
waste to as low a level as possible) and by achieving required levels of flexibility in 
production (machine set-up, resource configuration/reconfiguration, plant design, 
product quality, etc) (Womack and Jones 1996; Hines, Francis et al. 2006). Lean 
thinking has impacted on industry worldwide, often through continuously changing 
processes and their resourcing to enhance their operation progressively (Feld 2000; 
Motwani 2003). Lean cells, for example, were developed to ensure smooth flow of 
material and components through systematically arranged workstations and machines 
(termed a working cell) so as to minimize delay and waste (Beachum 2005). But 
complexity in MEs not only covers issues of minimizing waste, time delay, product 
quality and systematic management of production processes, but also flexibility issues 
involved in being responsive towards customer demands, particularly if that demand is 
uncertain (Feld 2000; Motwani 2003; Narasimhan, Swink et al. 2005). 
Various researchers have observed that the average lifetime of products has shortened 
significantly in recent decades (Karagozoglu and Brown 1993). Product variations have 
increased; and this typically requires MEs to be more flexible and responsive towards 
customer demands. However, some manufacturing paradigms i.e. Lean thinking, which 
is largely focused on improvements in mass production activities, are not designed to 
cope with these changing patterns. Current trends in global markets, that demand high 
variety products be realised in small quantities, necessitates increased levels of 
flexibility within most MEs. An increased percentage of products are customized and 
their underlying technologies and components are subject to increased rates of 
change(Duguay, Landry et al. 1997; Yusuf and Adeleye 2002). These kinds of 
requirements have prompted agile thinking. Agile thinking is about enabling MEs to 
respond quickly to customer demands (Yusuf and Adeleye 2002). In general it is 
supposed that by being responsive (such as by being able to re-configure rapidly), MEs 
can efficiently achieve agile manufacturing. Richards (1996) states that being 
responsive and agile enables responses to be made to sophisticated customer 
requirements; despite persistent but changing competitive processes and success factors.  
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Lean manufacturing is claimed to lead to higher productivity, enhanced quality, shorter 
lead times and reduced cost (Edwards 1996; Womack and Jones 1996). Whereas agility 
is often designed to enable small batch production, capable of satisfying continuously 
changing customer requirements, and ultimately aims to be able to produce ‘anything, 
in any volume, at anytime, anywhere and anyhow (Fitzgerald 1995). Taking another 
view it has been said that lean production requires a process-focussed organization, 
while agile production necessitates a boundary-focussed organization (Hamel and 
Prahald 1994).  
1.3 Need to model human systems 
Rapid change in MEs has been significantly affected by the following factors 
(Siemieniuch and Sinclair 2002; Elmaraghy and Urbanic 2004; Weston, Cui et al. 2008; 
Ding 2010): 
 Intense global competition; 
 Mass markets fragmenting into niche markets; 
 Customers’ expecting low volume, high quality, custom products; 
 Seemingly ever shortening product life-cycles, development times, and production 
lead times are required; 
 Customers want to be uniquely treated, i.e. as individuals. 
In an attempt to address these factors, organizations have often needed to be re-
configured and as discussed in previous sections, organizations, industrialists and 
academics have introduced various philosophies and concepts to direct and focus 
needed changes. This has also required change in human-oriented organizational 
structures. Manufacturing organisations, which basically comprise of human resources, 
and electromechanical and IT machines; in general constitute a systematic and 
organised use of ‘active’ resources (i.e. resources that can perform required ME 
actions). This is to facilitate the realisation of timely, efficient, fit for purpose value 
adding processes and their related engineering activities and infrastructural support 
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functions (Vinodrai Pandya, Karlsson et al. 1997). Humans are the essence of all 
businesses and these active resources perform nearly all decision-making functions and 
most operational activities in manufacturing organizations. As the prime ME resource, 
there is a great need for humans to know about the ‘how’, ‘what’ and ‘do’ (BS ISO 
14258:1998) activities and related roles that they and other humans can play with 
respect to manufacturing activities.  
There is a gap in quantitative understandings about potential roles that human resources 
and supporting technical (electromechanical and IT) resources can play with respect to 
the engineering of direct value adding and infrastructural manufacturing activities 
(Mital, Motorwala et al. 1994; Mital and Pennathur 2004; Wei and Salvendy 2004; 
Klein, Tellefsen et al. 2007). Indeed as yet there is no widely accepted (by industry or 
academia) systematic way to qualitatively and quantitatively model ME process 
oriented roles; and how such roles may function over time under differing production 
demand patterns should they be alternatively resourced (e.g. by humans and machines 
or by humans or machines). Also there is no widely accepted way of modelling 
human/human and human/machine relationships where it would be of great advantage 
to be able to model human systems via use of some ‘virtual engineering/simulation 
tool’. This could in principle enable the modelling of alternative combinations of 
resource entities; so as to inform 1) engineering, managerial and runtime aspects of 
human/machine resource allocation, thus enabling efficient mid to short term 
reconfiguration based on prediction of organisation behaviours or 2) strategic aspects of 
organisations including knowledge capitalisation and mid to long term policy 
development and investment decision making. 
1.4 Human system modelling in the manufacturing enterprise 
(ME) 
Humans are unique and their behaviours can be difficult to predict. Thus it may be 
almost impossible to model the unconstrained human due to these complexities. On the 
other hand, potentially human systems can be modelled from more constrained 
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viewpoints. Example viewpoints include: psychology, physiology, culture, structure, 
dynamics, roles and attribute. This is illustrated by figure 1-1. 
 
 Figure  1-1 Possible modelled views on human system entities 
Researchers in the MSI (Manufacturing System Integration Research Institute) have 
focused their human systems modelling efforts on modelling people roles (i.e. organised 
sets of activities that people perform) and to consider how the abilities and behaviours 
of potential human role holders impact on achieving production targets (Weston, Chatha 
et al. 2004; Ajaefobi and Weston 2006; Ajaefobi, Weston et al. 2006; Chatha, Ajaefobi 
et al. 2006; Weston, Zhen et al. 2006; Khalil, Weston et al. 2009; Weston, Rahimifard et 
al. 2009; Zihua and Weston 2009; Ding 2010). It may not be possible to usefully model 
all aspects of human behaviour (e.g. personality and motivation), however the 
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modelling of functional aspects of human systems in manufacturing organisations can 
prove beneficial. For example the work of Ajaefobi and Weston (2006) advocates the 
use of a process oriented modelling approach to explicitly define functional roles played 
by human and technical resources, and this has been shown to deliver a number of 
benefits within case study MEs. 
1.5 Research hypothesis 
 
The hypothesis to be tested during this research is that: 
‘it is possible to use a combination of best in class modelling technologies to usefully 
and cost effectively systemise and quantify relative performances of human systems 
(HS), and their supporting technical systems, when they are alternatively assigned and 
configured to realise: (1) specified sets of shop-floor production activities, that 
constitute an integral part of a network of processes that the host ME must realise, and 
(2) specified patterns of work requirements and loads’. 
Here it is envisaged that new organisation decomposition mechanisms will be proposed, 
developed and deployed in regard to real industry case studies to facilitate hypothesis 
testing and the development of fit for purpose, re-usable human system models, and that 
these new mechanisms will complement the application of well proven process-oriented 
decomposition mechanisms. 
 
1.6 Aim and objectives 
 
The aim of this research is to propose, case study test and develop a human systems 
modelling technique, which can be used on an ongoing and systematic basis to model, 
understand, and engineer human systems that satisfy dynamic production system 
requirements. The research is aimed at studying effective ways of computer exercising 
Chapter 1: Introduction  
 
 
 
Siti Nurhaida Khalil 8 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
 
 
and reusing knowledge of human resource systems centred on the use of ‘process-
based’ role modelling techniques in respect of relatively enduring jobs in ME. 
The objectives of this research can be broken down into several parts. These are as 
follows: 
Objective 1 
To develop a method of modelling:  
1. ‘Process oriented roles’, that people can play within production systems, and  
2.  ‘People as candidate role holders’, 
The methodology is aimed to model and improve systematically the allocations 
of resources (people) and processes (roles) in manufacturing enterprise. The 
modelling of resources and processes is then virtually simulated in engineering 
simulation software to capture dynamic behaviour of the manufacturing systems. 
Objective 2 
1. To test the modelling method when it is used to support the design of real 
production systems deployed in case study companies. Here the aim is to elicit 
and use real data from actual production scenarios to facilitate a ‘grounded 
research’ approach. 
Objective 3 
1. To reflect on the capabilities and practicability of the developed modelling 
method.  
2. To reflect on the wider applicability of the research findings in production 
systems engineering. 
 
1.7 Thesis layout 
 
The layout of the rest of the thesis will be structured as follows: 
 
 
 Chapter 2 – Literature review 
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 Chapter 3 – Literature analysis 
 
 Chapter 4 - Modelling methods Defined 
 
 Chapter 5- Case study 1 
 
 Chapter 6 – Case study 2 
 
 Chapter 7 - Case study 3 
 
 Chapter 8- Case Study 4 
 
 Chapter 9 – Research reflection, discussion and extension  
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2 Literature Review  
2.1 Flexibility in manufacturing systems 
 
Flexibility has been defined as the ability to deploy or redeploy production resources 
efficiently as required by changes in the environment (Duguay, Landry et al. 1997). 
However, there are three different aspects of flexibility related to systems engineering 
(Ding 2010), which are: 
1. As a characteristic of the interface between a system and its external 
environment (CorrÍa and Slack 1996).  Flexibility acts as a filter, buffering the 
system from external fluctuation. Flexibility thus functions as an absorber for 
uncertainty. 
2. As a degree of homeostatic control and dynamic efficiency of a system (De Toni 
and Tonchia 1998). Reference is made to a cybernetic system, namely one 
which incorporates mechanisms of measurement, control and regulation aimed 
at homeostasis; that is to say at the preservation of an existing state in the 
presence of exogenous changes. Flexibility is thus mainly understood as a 
degree of cybernetic adaptation. 
3. As an adaptation or change capability; was considered and extended to firms and 
concerns the range of states reachable and time for moving as a consequence of 
the variety and the uncertainty of demand (De Toni and Tonchia 1998).  
Olhager (1993) considered that dimensions of manufacturing strategy are quality, 
dependability, cost and flexibility. Flexibility in manufacturing systems is defined in 
various aspects of manufacturing i.e. operation, process, product, routing, volume etc by 
Sethi (1990). There are eleven different sets of flexibility categorised under component 
flexibility, system flexibilities and aggregate flexibilities by Sethi (1990). However, the 
following eight are related to this research: 
Chapter 2: Literature review  
 
 
 
Siti Nurhaida Khalil 11 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
 
 
 Machine flexibility: the ability of the machine to perform its operation and 
switch to another operation without requiring prohibitive effort. 
 Materials handling flexibility: the ability to move parts or components for 
accurate positioning and efficient processes. 
 Process flexibility: the ability to use sets of processes without needing major 
set-up. 
 Product flexibility: the ability for product’s parts to be changed or added 
easily. 
 Routing flexibility: the ability to produce products or parts using an 
alternative route system. 
 Expansion flexibility: the ability to expand with ease where the capability 
and capacities can be expanded when it is needed. 
 Program flexibility: the ability to run its program unattended virtually for 
long hours. 
 Production flexibility: the ability of the manufacturing system to produce 
without adding major capital requirement. 
2.2 Area of concern- Human system modelling 
2.2.1 Overview of issues in human systems engineering in engineering enterprise 
 
Henry Ford pioneered mass production in the early 1900’s to produce the Ford model T 
automobile (Womack, Jones et al. 1990). Ford divided workers into specialized 
departments who previously worked based on craft production system. The engineering 
department was divided into several sections that specialized in designing tools and 
machines so that workers in the factory worked with higher speed and lower skill 
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(because tools and machines simplify production activities) in order to yield high 
production throughput. Human resources involved massively in these manufacturing 
activities. It was then that mass production came into fashion, with many other 
automobile companies i.e M.G. VW, Renault etc ramping up their production by 
adopting mass production in their facilities. However, mass production does not satisfy 
all market segments of the customers. The standard product produced massively is 
unlikely to suit global markets, for example the Ford Model T was too small in USA 
whereas too big for European narrow roads. Customer’s demands changed rapidly, thus 
creating shorter product lifecycles and manufacturing system complexities increased as 
a consequence. 
 
As manufacturing systems become more complex due to unpredictable customer 
demands (i.e. influenced by different values, trends and culture, and also constantly 
changing competitive environment such as within world global markets), this trend 
keeps pushing industry to seek ways of achieving cheaper, better and faster production 
(Monden 1994). To be able to keep up with customer trends and demands, 
manufacturing engineers, academia and philosophers have developed improved 
manufacturing processes covering three elemental perspectives in manufacturing 
processes: machine, people and process (Grabot and Letouzey 2000; Yusuf and Adeleye 
2002; Motwani 2003; Elmaraghy and Urbanic 2004; Yauch 2007; Hernandez-Matias, 
Vizan et al. 2008). The main idea is to be able to create flexible manufacturing facilities 
that possess abilities to respond quickly to workload demand flux (Cordero 1997; 
Duguay, Landry et al. 1997).  
 
Despite many advances, current industry practice is lacking in its ability to cope with 
rapidly changing and partially uncertain workload demands (Weston, Rahimifard et al. 
2009). It was observed that there is no widely well-accepted methodology to 
systematically model (qualitatively and quantitatively) manufacturing systems that 
incorporate combinations of human and automated resources. Thus in this literature 
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review, a broad research area was considered which covers key issues and key areas 
such as flexibility, human system modelling, manufacturing systems engineering, 
enterprise modelling, and simulation modelling. 
2.2.2 Review of human system theories and framework 
Human system modelling theories and frameworks were described by Lewin as early as 
the 1930’s, who’s study focus was on understanding and characterising human 
behaviours). Kurt Lewin introduced a theory of human personality dynamics and 
positioned his ideas within a generic human behaviour framework (Lewin 1935). The 
framework introduced by Lewin (1935) was centered on a so-called Field Theory. 
Lewin (1935) states that human behaviour is modified by factors present in the 
environmental context and related environmental characteristics. The model proposed 
by Lewin (1935) is conceptualized by Figure 2-1. Lewin (1935) explained with respect 
to his theory of human personality that humans can be modeled if they operate in a 
controlled environment. Under such circumstances a ‘description of the worker’ and a 
‘description of the working’ can be usefully developed using mathematical relationships 
and related parameters. This kind of relationship model can then be used to predict the 
human behaviour based on the parameters defined as part of a system model. Since 
then, many researchers have developed the ideas of Lewin (1935). 
 
Other researchers have taken a concurrent engineering point of view to improve the 
process of manufacturing system design (Bonney, Head et al. 2000). Their work 
emphasized the importance of improvements in work and work place design within 
human centred manual assembly systems. Bonney et al (2000) stated that to create safer, 
more human centred and efficient processes and manufacturing systems, there is a need 
to identify appropriate human oriented evaluations related to the product, the workplace, 
the operator and the wider environment.  
 
Das (1999) worked on conceptual, theoretical, and interdisciplinary approaches to 
industrial work design (Das 1999). The interest of Das (1999) was on designing work, 
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particularly focused on factors affecting human work design; such that these factors 
affect worker productivity, job satisfaction, safety, health, and well-being. In this 
research with a single model, Das (1999) found that human, machine, job, workspace, 
and work design factors - social, psychological, physical/physiological, organizational, 
and economical, are the main factors that affect the design of industrial work.  Other 
research interests are on performance shaping factors (Miller and Swain 1987). Miller 
and Swain theory addresses factors that shape human performance such as 
environmental, organizational and individual factors. Their theory only addresses a 
study of error related performance and outcomes. Miller stated that Furnham(1995) 
proposes much more specific models of human performance. These models propose 
five factors that influence performance of individuals i.e. personality, intelligence, 
demographics, motivation and ability factors; all of which influence general 
occupational behaviour. However Furnham’s work does not take note of other factors 
like organization and environment, which is also very important in shaping human 
behaviour and hence human performance. 
 
Baines et al (2005) proposed a theoretical framework for human performance modelling 
within manufacturing system design (Baines, Asch et al. 2005). Baines et al (2005) 
found that the work by Lewin was too broad for direct application in manufacturing 
systems. Bonney, Head et al (2000) placed emphasis only on direct human labor and 
designed outcomes without considering human factors that affected the models. The 
work by Parker and Das (Das 1999; Parker, Wall et al. 2001) also does not specify 
psychosocial and physical factors. Baines et al (Baines, Mason et al. 2004) observed 
that early foundation research neglected key factors related to various physical 
environmental aspects that occur in manufacturing environments. A summary of 
observations made by Baines et al is presented in Table 2-1.  
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Figure  2-1 Lewin’s dynamic theory of personality (adapted from Baines, Asch et al. 
2005)  
 
No Authors Framework Synopsis Application 
1 Lewin Field Theory Describes human 
behaviour as 
determined by the 
interaction between 
factors relating to the 
individual and to the 
environment 
General 
understanding of 
human behaviour 
2 Miller and 
Swain 
Performance 
shaping factor 
Inventory of factor that 
affect industrial 
workers 
Human error 
research/practice 
3 Furnham Factors 
predicting 
occupational 
behaviour 
Specifies basic factors 
related to occupational 
behaviour and their 
relationship 
Research/practise 
(general) 
4 Das Comprehensive 
model of 
industrial work 
design 
Models relationships 
between factor 
involving the human, 
machine, job, 
workspace and work 
design 
Industrial work 
design 
5 Bonney et al Manufacturing 
system design 
framework 
Integrates product, 
process and system 
design by emphasizing 
human factors 
considerations 
Manufacturing 
systems 
computer based 
design software 
Relationship  
Model 
‘P’ 
‘E’ 
Description of the 
worker 
Description of the 
working 
Prediction of worker 
behaviour 
‘B’ 
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6 Parker at al Elaborated 
model of work 
design 
Specifies five 
categories of work 
design variable that 
span individuals, group 
and organizational 
variables 
Contemporary 
work design 
Table  2-1: Review of foundation of human system theories and framework (adapted 
from Baines, Asch et al. 2005)  
 
It follows that early researchers shared a mutual objective, namely to be able to measure 
and model human performance within a given working environment. It is probable that 
these early theories apply to manufacturing environments, but much of the early 
theories originated from various different backgrounds. However from the literature 
reviewed by Baines it was observed that only limited early work had been done to 
systemize and quantify key aspects of engineering human systems; so that human and 
automated systems operate coherently, effectively and efficiently in specific 
manufacturing enterprises that are subjected to workloads that have a significant 
dynamic. 
 
In recent years various researchers have built upon the foundation research into human 
system modelling and have developed the ideas for use in the design and engineering of 
organizations including MEs. Seminal works of prime relevance to this study are 
summarized into Table 2-2. This table has been organized to show that emphasis has 
been paid to four main aspects of human systems i.e. 1) structure, 2) process 3) resource 
and 4) workload. The most relevant of these works are considered in the following sub-
sections of this thesis. 
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Author   Structural   Process   Resource   Workload 
Pew, R. W. and S. Baron 
(1983)       
Rene Codero, (1997) 
     
Lupu,  E.  C.  and  M. 
Sloman (1997)      
Barroso, M.  P.  and  J.  R. 
Wilson (May, 2000)      
M.  Harzallah,  F. 
Vernadat, 2002         
Tim Baines et al, 2004         
Weston,  R.  H.,  K.  A. 
Chatha, et al. (2004)      
Juran,  D.  C.  and  L.  W. 
Schruben (2004)       
Baines, T. S., R. Asch, et 
al. (2005)      
Worley,  J.  H.,  K.  A. 
Chatha, et al. (2005).      
van de Water, T., H. van 
de Water, et al. (2007).        
Bennour,  M.  and  D. 
Crestani (2007)      
Table  2-2: Recent development in human system modelling 
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2.2.3 Human system modelling in the Manufacturing System Integration (MSI) 
Research Institute 
In the MSI Research Institute, researchers have modelled human systems in a 
systematic and analytical manner, which leads to the creation and reuse of static and 
dynamic models (Ajaefobi and Weston 2006). Humans are considered to be actors that 
realize work when performing well-defined roles; where those roles are expressed in 
terms of specific sets of enterprise activities. Some of these roles may be required in 
MEs to realise, manage and develop segments of business processes.  The modelling 
techniques used in MSI include: EM (enterprise modelling) and SM (simulation 
modelling). Here chosen modeling concepts, steps and representational techniques 
support context modelling, role specification, short listing of candidate systems, 
functional/behavioural modelling of process segments and finalised design of 
production systems via overall ME functional and behavioural modelling (Ajaefobi and 
Weston 2006; Chatha, Ajaefobi et al. 2006). This step-by-step approach to modelling 
deploys a coherent and integrated use of static and dynamic models. Table 2-3 outlines 
aspects of previous MSI approaches to modelling human systems. 
 
Further Ajaefobi et al (2006) developed competency models to predict candidate human 
systems performance (Ajaefobi, Weston et al. 2006). Here, human competency types 
have been positioned into so called competency class levels (CCL) namely CCL1, 
CCL2, CCL3 and CCL4. Table 2-4 illustrates this classification. Also, human systems 
have been defined with respect to their performance levels; Level L1 is for people who 
are competent and active, achieve satisfactory quality and timelines, nevertheless have 
low degree of autonomy, low level of flexibility and are not conversant with the ME 
operational environment; Level L2 are for competent, resourceful, reflective person 
who have higher degree of autonomy and flexibility and who are familiar with tools, 
technology, operating procedures; and lastly Level L3 performance correspond to 
people who are versatile experienced, proactive, innovative and creative, and able to 
solve problems and predict and manage system behaviours. 
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Stage Purpose of each modelling stage and the 
approach to modelling adopted 
Main entries modelled 
Stage 1: 
‘Context 
Modelling’ 
Enterprise modelling is used at this stage to 
decompose and graphically represent relatively 
enduring aspects of the specific network of 
Business processes (BPs) used by the ME under 
study. Stage 1 modelling is focussed on 
characterising properties of the process logic 
currently used by the subject ME 
 Network of BPs –used to realise 
products and services. 
 Segments of the process network 
– that must be resourced by suitable 
(human & technical) system 
 Process segments are modelled 
in terms of activity, information, 
material, control & exception flow 
Stage 2- 
‘Role 
specification’ 
Various groupings of an enterprise activity (that 
constitutes specific process segments and realise 
dependencies between process segments) are 
analysed with respect to their ‘competence’ & 
‘capacity’ requirements. Various grouping rules 
(based on research findings from work design, 
human science and process modularization 
literature) are used to: identify and specify viable 
roles & role relationship for human systems. 
 Viable roles & role relationship. 
 Competence & capacity 
specifications for viable roles. 
Stage 3: 
‘Shortlisting 
of Candidate 
Systems’ 
A shortlist of candidate human (human & 
technical) resource system designs is established 
in terms of their potential to: (1) match the 
competency & capacity requirements of the roles 
& role relationships specified during Stage 2 
 A shortlist of candidate resource 
systems – with potential to realise 
specified roles. 
 Relative performance levels & 
costs of resources are tabulated. 
Stage 4: 
‘Functional/ 
Behavioural 
Modelling’ 
of process 
segments 
Simulation models of process segments are 
modelled in terms of: (1) their specific process 
logic (and embedded role requirements); (2) 
alternative attributions of short listed resource 
system (to embedded roles and role relationship) 
and (3) ME specific workflows through viable 
(process logic-resource system) couples. The 
purpose of so doing is to optimise the choice of 
resource system & methods of achieving 
 Process routed, embedded roles, 
op times, etc. 
 Alternative assignments & 
organisational groupings of human 
resources to roles. 
 Work entry points, inter-arrival 
times, and workflow controls. 
 Relative process segment 
behaviours. 
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workflow control based mainly on cost, & lead-
time criteria. 
Stage 5: 
‘Overall ME 
Function & 
Behavior 
Modelling’ 
The predicted functional & behavioural 
properties of specific processes segment-resource 
system couples are reviewed with reference to 
(needed and achievable) overall (functional 
&behavioural) properties of the ME. Various 
measures from the literature on the process 
performance & motivation can be utilised. 
 Comparative quality measures. 
 Motivational factors and 
measures. 
 Overall throughput, value stream 
& cost measures. 
Table  2-3 Human modelling approach (Ajaefobi and Weston 2006) 
Competency Class Enterprise activity types 
CCL1 Competency to execute defined set of general operations based of specified 
methods, procedures and order. Here activities are essentially routine and 
results are predictable. 
CCL2 Competency to understand, interpret and implement concepts, design and 
operation plans linked to specific product realisation and to apply them in 
solving practical problems e.g. system installation, operation and 
maintenance. 
CCL3 Competency needs to translate abstract concepts into shared realities in the 
form of product designs, process specifications, operation procedures, 
budgeting and resource specifications. 
CCL4 Competency needed to formulate high-level business goals, mission, policies, 
strategies and innovative ideas. 
Table  2-4 Competency Class Definition (Ajaefobi, Weston et al. 2006) 
Boucher et al (Boucher, Bonjour et al. 2007)  considered human competency modelling 
with a focus on three different aspects of manufacturing domains; competencies in the 
management of design processes, competencies in production management, and lastly 
competencies for the management of distributed organisations and supply chains. Their 
research focused on production management and mainly considered the production 
scheduling of human resources when performing production processes on the shop 
floor. Human performance is measured with respect to skills. However, Boucher et al 
(2007) do not take into account the quality of service provided by multiskilled persons. 
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Skills which are also considered as competencies by Boucher et al in his paper, referred 
to a hierarchy of categories allowing the allocation of people to teams or operations. 
Workforce or human resource has been least studied in production manufacturing in 
which human resource has rarely been the focus of interest during the design of 
manufacturing operation or job operation scheduling (Duguay, Landry et al. 1997). 
Very basic models of human performance and competencies have also been suggested 
by Bennour and Crestani (2007), which resemble the complexity of MEs, especially in 
human performance and competency management. Figure 2-3 portrays the human 
integration model proposed by Bennour and Crestani (2007) . 
 
 
Figure  2-2 Human integration model (adapted from Bennour and Crestani 2007) 
 
Human systems may consist of three different types of people grouping i.e. individual, 
team and workgroup. Individual working is different to the working of a group of 
people that constitute a team for a number of reasons; as a consequence teams can be 
assigned higher complexity roles than individuals. Van de Water (van de Water, van de 
Water et al. 2007) states that there has been a growing pattern of authors studying team 
Competance
Organizational unit
Human Resource
worker 
RoleDomainSimplified modelling
ActivityTechnical object
Event Process Environment
triggers 
generates
Controls
is 
Input / output
requires 
needs
is decomposed
is executed in
has
is decomposed
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dynamics and their effects on the performance of organizations. Belbin’s theory (Belbin 
1996) on team role characteristics elaborated aspects of team interaction which can 
create a balanced team ((Belbin 1993; Haaf, Bikker et al. 2002; Belbin 2003). Their 
team balancing models were developed from mathematical models, which incorporate 
qualitative conditions related to the theory of balanced teams. However the research 
done from the Belbin school of thinking takes mainly a general point of view and is not 
easily ported into a specific manufacturing and organizational context. 
 
Other work by Juran (Juran and Schruben 2004) relates to the worker/people personality 
and demographics information and links with system performance. When the 
geographical location of a manufacturing operation is changed, the rate of productivity 
and other people performance issues are affected by demographics and personality. 
Juran focuses on the effects on system productivity due to psychological variables.  
2.2.4 Human factors in manufacturing enterprise 
A study by Udo and Ebiefung, observed that advanced manufacturing systems perform 
better when  human issues are considered as part of management concerns, rather than 
focus wholly on technical issues (Udo and Ebiefung 1999). Udo and Ebiefung pointed 
out that human factors can be viewed as concerning three components namely: self-
interest, top management, and preparation. Kidd (1990) also considered the role of 
people in MEs and observed that human factors covers many issues pertaining to human 
oriented work and technology, job design, work organizational structures, software and 
hardware ergonomics, health and safety, and environmental ergonomics (Kidd 1990).  
 
Human factors also have been researched in the context of implementing advanced 
manufacturing technology (AMT): where the human factors contribution has been 
focused on two elements of the AMT problem. According to Taylor (Taylor 1988), the 
first is to achieve a system design which maximizes system performance by achieving a 
best fit between its human and technical characteristics. Taylor (Taylor 1988) goes on to 
say that the typical sequence involved is as follows:  
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 modeling the technically required human inputs (nature, frequency, duration); 
 reviewing and examining the possibility for modifications to the technical 
features of the system in the light of the above; 
 packaging the human inputs to form meaningful whole tasks capable of being 
performed by individuals or groups of workers; 
 determining those support functions to be performed within the workgroup, and 
those provided from sources external to the workgroup; 
 specifying the skills, qualifications and experience required for role holders at 
all levels in the future organization. 
The second element is the process of transition management whereby the system design 
is implemented. The points emphasised here are commonly: 
 the need to involve in the process of change all employees who are likely to be 
significantly affected; 
 the importance of allowing sufficient time for this involvement and 
communication; 
 the role of manpower planning in enabling adjustments in labour requirement to 
be made with minimum dislocation; 
 the sizeable investment in training and development that must be made. 
2.2.5 Human adaptability versus robotic automation 
The relative performances of humans and first generation robotic automated systems 
have been compared and studied to justify whether robots yield higher productivity than 
humans or vice versa (Genaldy, Duggal et al. 1990). Genaldy et.al. conclude that robots 
have no on-the-job learning unlike humans and it was also observed that robots may be 
slower than humans. Further installing and operating a robotic workstation may  not 
yield as much profit as people may think. First generation robots were built for 
relatively simple tasks, so in the right context of working it was found that point-to-
point control systems could be effective enough. In addition possessed sensory 
capabilities, second generation robots can be equipped with on-line determination and 
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monitoring of kinematic properties (like velocity and acceleration) which can increase 
the working accuracy and production productivity (Günter 1988). Gunter states that 
given the right task the productivity of second generation robots can be far better than 
that of first generation robots. On the other hand, robotic automation without a 
workforce with adequate skills will likely lead to adverse consequences (Mital and 
Pennathur 2004). For instance, deformation of the machine tool, tool wear, 
unpredictable technical breakdowns,  requires expert intervention etc. Without such 
intervention it may be impossible to achieve high system performance (Brodner 1990).  
Recent developments in robot technologies has come up with humanlike (so called third 
generations) robots such as: “ASIMO” (Hondo Motor Corp); “QRIO” (Sony 
Corporation); and “Robovie” (Ishiguro, Ono et al. 2003) . The appearances of these 
robots can be similar to that of humans, but as yet they are not biological objects. 
(Castiello 2003). However, the research of Press et.al (2005) found that humans are 
more responsive to action observation-matching stimuli than robotic movement stimuli: 
and observed that even when the human and robot stimuli were of comparable size, 
color and brightness, the human hand had a stronger effect on performance (Press, Bird 
et al. 2005). Ollero et al (2006) stated that humans interact with other humans, animals 
or machines and they are adaptable to manufacturing environments. Whereas robots 
need additional sensors and computer systems to function in environments where 
adaptation is needed.  
2.3 Manufacturing information modelling 
 
Much of the information modeling research efforts in MEs has been focused on 
manufacturing resource capability modeling, process plan modeling, and manufacturing 
cost modeling(Feng and Song 2003). A need for ready and timely access to accurate 
manufacturing information is essential. For example it can enable better integration of 
product realizing operations by enabling fast and effective access to information about 
entities that include: 1) functional and geometric characteristics of products and 
resources, 2) process planning models, 3) complex models of manufacturing activities 
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and 4) work piece information, such as processing details and manufacturing cost. 
Many information modeling frameworks have been developed around object-oriented 
data modeling, which can be augmented with a variety of semantic relationships. This 
kind of data modeling typically defines a structural hierarchy (related for example to 
abstract models of product family data) and utilizes formal definitions of relationships 
that organize a specification of individual product variants (Jiao and Tseng 1999). 
Additionally information modeling is used within manufacturing execution systems to 
enable information-based collaboration; such that the distributed organizations can 
virtually act like a single enterprise from the perspective of customers (Mahdavi, Shirazi 
et al. 2008). It is claimed by Zhang et al (Zhang, Chuah et al. 1996) that information 
modeling can encompass information on physical-configuration-oriented models, 
operation-controlling-oriented models, and operation-monitoring-oriented models and 
can also encode many interrelationships between parts and the other objects in these 
models.  
2.4 Simulation and dynamic modelling 
 
A simulation is the imitation of the operation of a system or process over time. The 
behavior of a system as it evolves over time can be studied by a simulation model 
(Sadoun 2000). Computer simulations have become a useful part of mathematical 
modeling of many natural systems in physics (computational physics), astrophysics, 
chemistry and biology, human systems in economics, psychology, social science, and 
engineering. Simulations can be used to explore and gain new insights into new 
technology, and to estimate the performance of systems too complex for analytical 
solutions (Aumann 2007; Rahimifard and Weston 2007; Cople and Brick 2010). 
Computer simulation modeling mimicked real world problems in computer modelling 
systems in order to get a clearer view of problems (Molina and Medina 2003). 
Computer simulation is also used to analyse the behaviour of a subject system as time 
progresses (Sadoun 2000). Developments in computer technology, system dynamics 
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and simulation have contributed as a method used in solving real world problems via 
computer simulation (Smith 1999).  
2.4.1 Discrete Event Simulation (DES) 
 
In discrete-event simulation, the operation of a system is represented as a chronological 
sequence of events. Each event occurs at an instant in time and marks a change of state 
in the system (Pidd 1998). They mainly involve analyzing the queuing of objects that 
had a small number of operations carried out on them when they follow a limited 
number of routes from start to finish (e.g. mass production).  
 
There are many potential application areas for DES. DES can describe the most 
complex systems, at any level of detail while including stochastic elements, which 
cannot be described easily by other analytical models (Ball 1996; Zeigler, Praehofer et 
al. 2000; Rabelo, Helal et al. 2005). It allows analysts to track the status of individual 
entities and resources and to estimate numerous performance measures under a wide 
range of projected operating conditions (Rabelo, Helal et al. 2005). Figure 2-3 shows 
key stages in using DES, the back loops between multiple stages are not indispensable 
but convinced to be rational to DES model building. It can be noted that this bears a 
strong resemblance to other simulation techniques and other analysis program 
development methodologies (prototype method) (Sommerville 1989). 
 
Figure  2-3 Key stages used in Discrete Event Simulation (DES) (adapted from 
Sommerville 1989) 
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There are three key elements to describe when conducting discrete event simulations 
(Pidd 1998) (refer Table 2-5). Pidd (1998) used simple machine operation processes as 
an example to graphically interpret these ideas – as shown in Figure 2-4. When a 
discrete event simulation model was built following the above stages, for its execution, 
Ball (1996) simply divided related issues in two ways, as listed below: 
 
 Event- describes an instantaneous change, usually from a stop event. This is the 
most common one used, easy to understand and efficient and is acceptable to 
implement. 
 Activities- represents some duration; essentially groups of events in order to 
describe an activity carried out by an activity e.g. machine loading. This 
approach is easy to understand and to implement but is not efficient. 
 Process- this approach groups activities to describe the life cycle of an entity e.g. 
machine. This is the less common and more difficult to plan and implement, but 
it is generally thought to be most efficient. 
 
 
 
Figure  2-4: Interpretation of three different elements to Discrete Event 
Simulation(adapted from Pidd 1998) 
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Time slicing Advances the model by a fixed amount each time, regardless of 
the absence of any events to carry out 
Next event Advances the model to the next event to be executed, regardless of 
the time interval. This method is more efficient than Time Slicing, 
especially where events are infrequent, but can be confusing when 
being represented graphically (processes that take different times) 
will appear to happen in the same time frame if the stop event is 
the next event after the start event 
  
Table  2-5 Discrete event simulation execution manner (adapted from Pidd 1998) 
2.4.2 Differences between discrete event & continuous simulation models 
 
Discrete Event Simulation concerns the modelling of a system as it evolves over time 
by representing state changes as separate events. In DES, the operation of a system is 
represented as a chronological sequence of events. Each event occurs at an instant in 
time and marks a change of state in the system (Zeigler, Praehofer et al. 2000) 
 
For continuous simulation, the system evolves as a continuous function. The continuous 
simulation model, described by differential and algebraic equations, requires numerical 
solution of these equations. The main concepts characterizing these models: the notion 
of time, the communication means and the process activation rules of discrete and 
continuous simulation models are shown in the next table (Table 2-6) (Bouchhima, 
Nicolescu et al. 2005). 
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Concept 
 
Model Type Time Communication means 
Process activation 
rules 
Discrete 
Global notion for all 
modules of system. It 
advance discretely when 
passing by time stamps 
of event 
Set of events ( value 
and time stamp) 
located discretely on 
the time line 
Process are 
sensitive to event 
Continuous 
Global variable involved 
in data computation. 
Advances by integration 
steps. 
Piecewise-continuous 
signals 
Process are 
executed at each 
integration step 
 
Table  2-6: Basic concept differences for discrete and continuous simulation model 
(adapted from Bouchhima, Nicolescu et al. 2005) 
2.4.3 Simulation software tools 
 
Pidd (1998) proposed event-based, activity-based, process-based and three-phase 
approaches as the mechanism for carrying out discrete-event simulation. Several 
candidate software tools for simulation modelling were reviewed during this research, 
namely: 
 SIMUL8 
 Lean modeler 
 Enterprise dynamics 
 SIMPROCESS and 
 Teknomatix Plant Simulation 
 
Table 2-7 portrays observed strengths and weaknesses of these various simulation 
modelling software. 
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Table  2-7 Strength and Weaknesses of Simulation Modelling software 
 
Table 2-7, shows that amongst the tools listed, apparently Teknomatix Plant Simulation 
software offers greater capabilities; which can be used to model production processes 
and their human resourcing. Thus Teknomatix Plant Simulation software was chosen 
for this research implementation. 
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2.5 Enterprise modelling in manufacturing systems. 
2.5.1 Enterprise Modelling 
 
Enterprise modelling was introduced to externalize enterprise knowledge, so as to add 
value to the enterprise by enabling knowledge sharing and reuse (Vernadat 2002). The 
concept is about breaking down the barriers in organizations that hinder productivity, 
thereby synergizing the enterprise to achieve better business goals in an efficient and 
productive way (Fox 1994; Rolstadas 1995; Fox and Gruniger 1998; Harzallah and 
Vernadat 2002). 
 
In coping with today’s highly competitive global economy, it is a necessity to produce 
high quality products at low cost in shorter time (Vernadat 1996; Pandya, Karlsson et al. 
1997; Vernadat 2002; Pandya, Karlsson et al. May 1997). Current trends demand 
customization and being able to facilitate customization for many MEs staying in 
business . Customization means being able to: 
 meet customer requirements and remain innovative 
 reduce the time-to market of products, and 
 manufacture quality products at low cost in a reactive environment. 
Such a scenario is summarized in Figure 2-5. 
 
Chapter 2: Literature review  
 
 
 
Siti Nurhaida Khalil 32 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
 
 
 
Figure  2-5: The Quality-Cost-Delay paradigm (adapted from Vernadat 2002) 
Enterprise Modelling is a pre-requisite for Enterprise Integration (EI). EI is closely 
related to business process coordination and cooperative decision making (Ladet and 
Vernadat 1995; Kosanke, Nell et al. 1997) 
 
An ME is a complex system that works with dynamics of people- technical agents 
(called the functional entities) in pursuing business missions and is subjected to internal 
and external constraints (Vernadat 1996). The use of IT facilities in EI should increase 
the flexibility of the organization in different ways, i.e. organizational flexibility, 
operational flexibility, product flexibility and manufacturing flexibility. 
2.5.2 Enterprise Engineering 
Enterprise integration and enterprise modelling is defined with a reference to some 
integration ‘framework’. Such a framework can be similar in many organizational areas 
i.e. electrical, software etc. The framework, called enterprise-engineering framework is 
a reference architecture that enables the positioning of models, methods and tools 
related to the enterprise cycle. 
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Enterprise engineering has been defined using three distinctive definitions by Vernadat 
(1996). The definition is: 
 
 ‘Enterprise engineering can be defined as the art of understanding, defining, 
specifying, analyzing and implementing business processes for the entire enterprise life-
cycle, so that the enterprise can achieve its objectives, be cost effective, and more 
competitive in its market environment (Vernadat 1996).’ 
 
This definition tells us that any enterprise system can be engineered in a systematic way 
like any other complex system. This could include previous industrial engineering 
approaches such as methods for business definition, cost-based analysis, logistics, 
process design, resource selection and manufacturing layout design. At the same time 
entire engineering can be realized by deploying these techniques such as workflow 
management, information system design and analysis, dynamic resource allocation and 
management and many more.  
 
Here enterprise engineering enables a link between many other disciplines like design, 
re-engineering and manufacturing systems and also to the human side of MEs like 
ergonomics, human resource management etc. Enterprise engineering modelling can be 
a model instrumented by powerful computer-aided enterprise engineering tools i.e. 
simulation software that covers specific aspects of enterprise engineering such as 
resource management etc (Kosanke 1995; Kosanke, Nell et al. 1997). 
 
Commonly reported examples of enterprise engineering architectures include: 
 ISO  
 CEN ENV 40 003  
 CIMOSA 
 GRAI/GIM 
 PERA 
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 ARIS 
 GERAM 
 ZACHMAN 
 TOGAF 
 UML 
The Manufacturing System Integration Research Institute has extended the use of 
CIMOSA as its reference architecture through various PhD studies (Weston, Rahimifard 
et al. 2009; Zihua and Weston 2009; Ding 2010). MSI researchers have used CIMOSA 
in conjunction with GRAI/GIM, ARIS, PERA & GERAM to successfully develop 
CIMOSA models of several MEs. They have also extended the use of CIMOSA into the 
so-called enhanced multi-process modelling E-MPM approach to ME design and 
change (Worley, Chatha et al. 2005; Ajaefobi, Weston et al. 2006; Chatha, Ajaefobi et 
al. 2006).  
 
The following sections will further review characteristics of some public domain 
enterprise engineering architectures.  
2.5.3 GRAI-GIM 
The GRAI method is a methodology for analyzing manufacturing systems, which was 
developed in the mid 70s and mid 80s at the University of Bordeaux - France. It is 
divided into two basic models, which are: 
 the GRAI grid 
 the GRAI nets 
GRAI grid is used for topdown analysis of the business domain. The purpose for this 
model is to help define a model of an Integrated Manufacturing System for specifying 
CIM Systems for subsequent purchase or development. The concept has strong 
emphasis on discrete CIM concepts with re-useable modelling elements. The modelling 
starts with the GRAI conceptual model, followed by the GIM modelling framework, 
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GIM structured approach and finally GIM modelling (language formalism) 
(Doumeingts, Vallespir et al. 1995; Chen, Vallespir et al. 1997)  
2.5.4 ARIS (Architecture for Integrated Information Systems) 
The ARIS method originated from University of Saarbrucken, Germany by Professor 
W.A. Scheer (Scheer 1992). This modelling architecture is claimed to be similar to 
CIMOSA as ARIS models are built using the same modelling levels as stated in 
CIMOSA; namely Requirement definition, Design specification and Implementation 
description. ARIS supports four main views, namely control, data, function and 
organisational views. ARIS views are illustrated in Figure 2-6. 
 
 
 
Figure  2-6: ARIS views (adapted from Scheer 1994) 
2.5.5 PERA (Purdue Enterprise Reference Architecture) 
 
PERA was developed at Purdue University during the period 1989-1991. This 
architecture is claimed to reflect the full life cycle of any enterprise. It is structured with 
three components, namely (i) production facility, (ii) people or organization and (iii) 
control and information system. The life phases of the architecture begin with an 
Enterprise Definition and end with Enterprise Dissolution. Figure 2-7 illustrates the 
PERA architecture out of the ME (Williams 1994). 
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Figure  2-7: Phases of PERA (adapted from Williams 1994)  
2.5.6 TOGAF 
The Open Group is a vendor-neutral and technology-neutral consortium seeking to 
enable access to integrated information, within and among enterprises, based on open 
standards and global interoperability(Minoli 2008). TOGAF Version 8.1 was designed 
to divide enterprise architecture into four main elements, i.e. the Business Architecture, 
Data Architecture, Application Architecture, and Technical Architecture (Finkelstein 
2006). There are four main parts to the TOGAF document (Schekkerman 2004): 
 
 Part I: Introduction provides a high-level introduction to some of the key 
concepts behind enterprise architecture and, in particular, the TOGAF approach. 
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 Part II: Architecture Development Method is the core of TOGAF. It 
describes the TOGAF Architecture Development Method—a step-by-step 
approach to developing an enterprise architecture. 
 Part III: Enterprise Continuum describes the TOGAF Enterprise Continuum, 
a virtual repository of architecture assets, which includes the TOGAF 
Foundation Architecture, and the Integrated Information Infrastructure 
Reference Model. 
 Part IV: Resources comprise the TOGAF Resource Base -a set of tools and 
techniques available for use in applying TOGAF and the TOGAF ADM. 
 
TOGAF Version 8 is a superset of the well-established framework TOGAF Version 7. 
Version 8 uses the same underlying method for developing IT architectures that was 
evolved, with a particular focus on technical architectures, in the versions of TOGAF up 
to and including Version 7. TOGAF explains the rule in developing good principles in 
enterprise architecture, which are divided by three levels(Schekkerman 2004): 
 Enterprise principles to support business decision across the entire Enterprise; 
 IT principles guide use of IT resources across the enterprise 
 Architecture principles govern the architecture development process and the 
architecture implementation.  
2.5.7 ZACHMAN 
 
The Zachman Framework is influenced by the principles of classical architecture that 
establish a common vocabulary and set of perspectives for describing complex systems. 
This is reflected in the set of rules that govern an ordered set of relationships that are 
balanced and orthogonal. The Zachman Framework provides a blueprint for an 
organisation’s information infrastructure (Schekkerman 2004). The major principles 
that guide the application of the Zachman Framework include the following 
[SYS200501,ZIF200501] (Minoli 2008): 
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1. A complete system can be modelled by depicting answers to the following 
questions: why, who, what, how, where, and when. 
2. The six perspectives capture all the critical models required for system 
development. 
3. The constraints for each perspective are additive; those of a lower row are 
added to those of the rows above to provide a growing number of restrictions. 
4. The columns represent different abstractions in an effort to reduce the 
complexity of any single model that is built. 
5. The columns have no order. 
6. The model in each column must be unique. 
7. Each row represents a unique perspective. 
8. Each cell is unique. 
9. The inherent logic is recursive. 
A complete Zachman framework is as shown in figure 2.8. 
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Figure  2-8: Zachman Framework (adapted from Finkelstein 2006) 
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2.5.8 UML 
 
The Unified Modeling Language is OMG’s (Object Management Group) most-used 
modelling specification. UML allows users to model the business process, application 
structure, application behaviour, data structure, and architecture. (Finkelstein 2006; 
Minoli 2008; Debbabi, Hassaïne et al. 2010). 
 
There are many UML tools on the market that allow architects to make practical use of 
the UML family of specifications. Some UML tools analyze existing source code and 
reverse-engineer it into a set of UML diagrams. UML has a focus on design rather than 
execution; however, some tools on the market execute UML models, typically in one of 
two ways: 
1. Some tools execute a model interpretively in a way that lets the user confirm 
that it really does what the user wants, but without the scalability and speed that 
will be needed in the deployed application. 
2. Other tools (typically designed to work only within a restricted application 
domain such as telecommunications or finance) generate program language 
code from UML, producing a bug-free, deployable application that runs quickly 
if the code generator incorporates best-practice scalable patterns for, e.g., 
transactional database operations or other common program tasks  (Minoli 
2008). 
2.5.9 CIMOSA 
 
CIMOSA is an acronym derived from the term Computer Integrated manufacturing 
Open System Architecture. CIMOSA was developed by the AMICE consortium to 
facilitate CIM modelling and integration (ESPRIT 1993; Kosanke 1995; Kosanke, 
Vernadat et al. 1999). CIMOSA modelling is carried out by using framework of 
modelling concept. Normally it begins with analysing and explicitly describing process-
oriented requirements of an enterprise (Monfared and Weston 2000). It therefore 
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consists of two parts, namely (i) reference architecture (which structures the way in 
which any given enterprise is modelled) and (ii) a particular architecture (for the 
enterprise being modelled) (Vernadat 1996). The modelling framework is referred to in 
Figure 2-9. 
 
Figure  2-9 The CIMOSA modelling framework -CIMOSA cube (adapted from 
Vernadat 1996) 
 
The framework covers three main modelling dimensions, which are termed:  
‘generation’, ‘instantiation’ and ‘derivation’. The generation dimension encompasses 
the following modelling perspectives: 
 
 Function view –used to represent the functionality required by an enterprise; 
 Information view- used to represent information relationship and objects of an 
enterprise; 
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 Resource view- used to represent enterprise resources and their capabilities and 
management; and 
 Organization view – used to represent levels of authority and responsibility. 
 
The instantiation dimension grades the degree of generality of CIMOSA models created 
and used and has three reference layers as follows: 
 Generic layer- which contains generic building blocks and building block types; 
 Partial layer – which locates the partial model libraries; and 
 Particular layer-, which locates the particular models, related to a specific 
enterprise. 
 
Typically CIMOSA modelling begins by explicitly modelling the ‘As-Is’ or the current 
situation in an enterprise. However when a new enterprise is created, modelling may 
begin by explicitly modelling possible candidate ‘to be’ situations. Whichever the case, 
later improved ‘To-Be’ models are normally developed and proposed as candidate 
future solutions for an enterprise. This can involve both top-down and bottom-up 
thinking by: (i) ‘thinking strategically’ to inform the redesign of an ME. Typically top 
down thinking is required to realise large scale change; or (ii) by ‘analysing lower level 
concerns’, and then addressing and solving associated problems with reference to wider 
issues of concern coded by CIMOSA models that in turn typically rise to incremental 
improvement. 
 
In CIMOSA the user representation and system representation, and related function, 
information and control perspectives are decomposed. The associated decomposition 
and isolation concepts enable the modeler to (i) cope with inherent complexity in 
organization; (ii) create an organisation, which is flexible so that (typically on-going) 
changing functional and facilities integration requirements can be realised in effective 
and timely ways. CIMOSA decomposes ME processes into the following:  
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  Domain Processes (DP) 
 Business Processes (BP)  
 Enterprise Activities (EA) 
 Functional Operators (FO) 
 Functional Entities (FE) 
 
CIMOSA models are essentially static process-oriented models as they encode relative 
enduring characteristics of process entities and entity relationships. CIMOSA models do 
not naturally encode process dynamics such as changing states and conditions of 
processes. CIMOSA models are normally created in the form of graphical models that 
cannot be computer executed. For this reason previous MSI researchers have coherently 
introduced techniques that enable dynamic modelling in an enterprise by building upon 
the use of static CIMOSA enterprise models (Khalil, Weston et al. 2009; Weston, 
Rahimifard et al. 2009; Zihua and Weston 2009; Ding 2010). Figure 2-10 summarises 
relationships between various CIMOSA modelling concepts and functional entities to 
enterprise activities (Monfared and Weston 2000; Weston, Clements et al. 2001; 
Weston, Chatha et al. 2004; Ajaefobi, Weston et al. 2006; Chatha, Ajaefobi et al. 2006; 
Weston, Zhen et al. 2006; Rahimifard and Weston 2007; Khalil and Weston 2008; 
Khalil and Weston 2008; Weston, Cui et al. 2008; Khalil, Weston et al. 2009; Weston, 
Rahimifard et al. 2009; Ding 2010; Ghani, Weston et al. 2010; Masood, Weston et al. 
2010). 
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Figure  2-10: Decomposition of enterprise activities and matching of functional 
operations (adapted from Weston, Rahimifard et al. 2009) 
Comparison between the EM techniques i.e. GRAI-GIM, ARIS, PERA, CIMOSA 
namely is shown in appendix 1. 
2.5.10 Enhanced Enterprise Modelling Research at MSI Research Institute 
 
Previous MSI researchers have conceived and tested the use of so called Multi 
Processes Modelling (MPM) approaches. Chatha et al (Chatha, Ajaefobi et al. 2006), 
Chata & Ajaefobi built upon the use of Monfared’s MPM  approach by semantically  
enriching static MPM models so as to facilitate the development and use of coherent 
simulation models. Prior to that, Monfared (Monfared and Weston 2000) conceived and 
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tested the use of coherent graphical modelling templates and tools for creating 
CIMOSA ‘context’, ‘interaction’, ‘structure’ and ‘activity’ diagrams in conformance 
within CIMOSA principles. However, CIMOSA static models do not encode real time 
workflows and associated time-dependent information and control flows through 
processes. Hence E-MPM process diagrams were conceived to enhance the semantic 
richness of CIMOSA models in preparation for simulation model creation, 
model/development and reuse (Monfared and Weston 2000; Weston, Chatha et al. 2004; 
Ajaefobi, Weston et al. 2006; Chatha, Ajaefobi et al. 2006). Rahimifard and Weston 
(2007) also studied and reported on transformation processes between enterprise models 
and simulation models. They observed and listed some constraints when using static 
models to create dynamic models. To overcome some of the issues involved, Weston 
and Rahimifard (2007) discussed the use of two reference models of change centred on 
causal loop modelling. Relative properties of enterprise modelling and simulation 
modelling approaches are listed in Table 2-8 (Rahimifard and Weston 2007).     
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 Common Modelling Concepts Primary Modelling Constraints 
Enterprise 
Modelling 
 Can handle complexity. Formally decomposes process 
networks into process segments and their dependencies. 
 Resultant models focused on relatively enduring aspects 
of MEs and do not encode time dependencies  
  Formally enable attribution of multi-perspective model views 
to models of process segments. 
related to product flows, control flows, process instants, 
exception instances and time dependent causal effects. 
  Can represent (and help communicate/visualize) unified views 
of multiple stakeholder 
 Resultant models cannot replicate real ME behaviours, in 
support of model validation. 
  Generate common representation of ME processes and system 
that can inform/support/unify various forms of decision 
making. 
 Resultant models do not provide a basis for predicting 
future ME behaviours. 
  Has concepts related to lifecycle which couple with formal 
decomposition concepts facilitate system integration and 
interoperation. 
 
  Has abstraction and generalisation concepts which facilitate 
the generalised reuse of models, such as in creating reference 
models of processes and resource system. 
 
Simulation  Can currently model queues, stochastic events, product flows,  Because multi-perspective static and dynamic system 
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Modelling process routes, resource utilisation, breakdowns and absence, 
exception flows etc. 
properties are modelled together (often in an ill-
structured way) simulation models have practical 
constraints if the model scope/detail/complexity grow. 
  Various simulation modelling techniques can be used such as 
numerical integrators, discrete event simulation, event 
condition, action simulation, etc that have relative strength. 
 If a simulation model of an isolated ME segment is 
created, this model cannot readily be interpreted in its 
context of intended use. 
Table  2-8: Complementary properties of enterprise modelling and simulation modelling approaches (adapted from Rahimifard and Weston, 
2006)
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2.5.11 Unified Modelling  
New unified modelling concepts have been introduced by MSI to enable static models 
to be transformed into equivalent dynamic models that enable computer execution 
processes with real time input and information flows. Because CIMOSA and EM is 
process oriented, CIMOSA modelling templates can naturally be transformed into 
dynamic models using software that enables simulation modelling. However, only 
selected models that typically correspond to limited scope of functional operations 
(FOs) are modelled using simulation software. No software is currently commercially 
available with a capability to effectively support hierarchical analysis via multi-level 
DES modeling. This is unlike static modelling (such as via CIMOSA based EM) which 
has been designed to enable structure modelling in a hierarchical manner; so as to 
enable the modeler to cut through and explicitly encode high levels of complexity 
associated with typical MEs. However as described by previous MSI researchers, the 
two model types (static and dynamic) can be used in a complementary fashion to help 
choose and facilitate the application of the methods-based engineering. Therefore 
various MSI researchers (Weston, Cui et al. 2008; Rahimifard and Weston 2009; 
Rashid, Masood et al. 2009; Ghani, Weston et al. 2010; Masood, Weston et al. 2010) 
continue to develop and instrument the combined use of: 
1. Enterprise Modelling centred on CIMOSA and 
2. Simulation Modelling 
2.5.12 Unified Modelling with respect to Human System Design & Change in MSI 
 
As discussed in Section 1.3, human system modelling is required to facilitate improved 
design and change of ME processes. Previous MSI researchers have sought to achieve 
this aim by decomposing complex process networks into solvable specific process 
segments. The specific process segments and their related workflows are then resourced 
by candidate people systems (Ajaefobi and Weston 2006). 
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People are very complex and generate unique behaviours. Humans conducting EAs do 
not perform like machines. People can be intrinsically unstable, unpredictable and are 
capable of independent action. Computer simulation has traditionally focussed on 
technological aspects of systems, e.g. machines, conveyors. Resultant simulations often 
over-estimate outcomes; so that physical implementations fail to meet expectations 
(Baines, Mason et al. 2004). The paper presented by Baines et al (2004) reported that 
processes were often unsuccessfully modelled because they omitted to adequately 
encode relationships between the performances of a person with the factors that might 
impact their performance when doing their job. The reported study focussed on age-
related human performance and also performance variations arising from biorhythm.  
 
Previously MSI researchers have developed human system models in relation to their 
activities, tasks, jobs and roles (Ajaefobi and Weston 2006; Ajaefobi, Weston et al. 
2006). The aim has been to re-engineer human systems by modelling them relative to 
their work requirements and workloads. In parallel candidate human system 
characteristics are determined so that people’s roles can be modelled in a coherent way 
to the way in which the role potential of a candidate person or team is modelled. 
 
The new approach to human system modelling introduced by MSI researchers 
encompasses the following steps: 
 
1. Model generic and specific ME contexts; 
2. Specify needed human roles in the context generated; 
3. Model potential abilities of candidate human systems; and 
4. ‘Compare and contrast candidate system abilities in context to select, develop 
and change human systems in effective and timely ways. 
 
Models are needed to support 1 through 4. Hence previous MSI researchers have 
created CIMOSA and simulation models for this purpose based upon new methods of 
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modelling ‘roles’ and ‘competencies (behavioural and functional)’ which provide a 
basis for matching candidate human systems to roles 
 
Essentially the role and competency modelling constructs so developed extend 
CIMOSA modelling principles in the manner illustrated by Figure 2-11 (Weston, 
Rahimifard et al. 2009). 
 
Figure  2-11-CIMOSA diagram incorporating human resource oriented modelling 
concept (adapted from Weston, Rahimifard et al. 2009) 
2.6 Concluding remarks 
In this chapter the author has included an overview discussion about vast areas of 
literature on manufacturing engineering, manufacturing complexity and flexibility, 
human system modelling, simulation modelling and enterprise modelling. These 
literatures are presented with a view to a broad level of discussion with some narrowing 
down with reference to the actual research topic i.e. human system modelling in support 
of manufacturing enterprise design and change. 
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3 Chapter 3: Research Methodology 
In light of the literature review discussed in the previous chapter the research is further 
narrowed down by over-viewing the research gaps and research objectives. The 
discussion on these gaps is described in the following subsections. 
3.1 Sustaining manufacturing production systems 
Uncertainties in global markets have led to rapidly changing requirements that 
pressurises manufacturers to find ways to sustain their operations such as by adopting 
lean philosophy and/or becoming more responsive to customer’s requirements (Edwards 
1996; Karlsson and Ahlstrom 1996; Nicholas 1998; Feld 2000; Yusuf and Adeleye 
2002; James P Womack 2003; Beachum 2005; Hines, Francis et al. 2006). A common 
focus is made on improving operational activities as part of shop floor process 
improvement initiatives in sustaining manufacturing production systems. Thus, people 
working on the shop floor play important roles in achieving desired production 
outcomes and it is important to be able to explicitly model human systems in 
engineering enterprises (Haaf, Bikker et al. 2002; Siemieniuch and Sinclair 2002; 
Worley, Chatha et al. 2005; Tohidi and Tarokh 2006; Khalil, Weston et al. 2009).   
3.2 Modelling human performance in a manufacturing 
enterprise 
Commonly workers performance is measured based on their capability to meet line 
‘targets’ set by their managers; but little may be known about how to optimise the use 
of human resources other than by referring to the manager’s experience (Pew and Baron 
1983; Pritchard and Murlis 1992). Traditionally people are matched to their job by 
mapping job requirements on to competencies possessed by the work force (Pritchard 
and Murlis 1992; Parker and Wall 1996; Wei and Salvendy 2004). In industry such a 
matching process will likely be achieved implicitly by firstly, specifying a requirements 
model and secondly selecting candidate solutions (i.e. a person or persons, possibly 
aided by tools) that satisfy the requirements specified.  In many, possibly most cases of 
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assigning people to work roles and workloads in shop floor situations, neither the 
mapping process nor its outcomes will be made explicit. Rather typically a manager or 
shop supervisor will in an ad-hoc way implicitly (rather than explicitly) use their 
previous knowledge about the nature and content of up-coming workloads and 
knowledge about the previous performances and behaviours of candidate workers to 
‘reconfigure the work force’ so that changes in requirements can be accommodated. 
3.3 Research approach in human system modelling 
This research is founded on the assumption that common practice observed in industry 
can be improved by conceiving, developing and trialling a model driven way of 
systematically redesigning human systems in response to well specified patterns of 
change in work types and workloads. Thereby in the event of on-going work 
requirements change (which is common place in many industries and particularly in 
companies realising multiple product types with a largely common set of human and 
technical resources), the assumption being tested is that in three main respects a new 
model driven approach can be developed to perform ‘better than traditional methods’. 
By enabling improved qualitative and quantitative reasoning, targeted improvements of 
the method are to facilitate:  
i. Improved reconfiguration of human systems, so that new work patterns can be 
realised at reduced cost, with reduced lead-times and with better quality;  
ii. Faster reconfiguration of human systems, so that improved response times to 
significant changes in work patterns can be realised and  
iii. The explicit documentation of changes in human system reconfiguration.   
From Chapter 2 it is evident that human systems have already been modelled in various 
ways to satisfy many purposes. 
Industry has, and can in the future, realise many benefits from the previously developed 
modelling approaches introduced by researchers illustrated in Table 2-2.  This has led to 
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better design of production systems, improved implementation and change to 
production systems, enhanced planning of production and faster, cheaper and better 
quality product realisation.  Of course however the benefits realised will be offset by the 
cost (in time and facilities needed) to conduct modelling work. This will depend largely 
on the capabilities of the modelling methods adopted and their ease of use; which in 
turn will condition the ability to re-use models, such as when product system 
requirements change or when the ‘elements;’ and ‘structures’ of production systems 
need to change.  
Use of previously developed modelling approaches has also enabled improved 
understanding to be gained about production system phenomena and characteristics of 
different production systems. This has led to the conception of various manufacturing 
paradigms like Lean, GT, mass customisation and economy of scope & scale (EoSS), 
which promise to place production systems engineering on a much stronger footing. 
In general however, as observed by a number of authors (Bi and Salvendy 1994; 
Cordero 1997; Aumann 2007; Rodriguez, Hilaire et al. 2007), previous and current 
modelling of production systems can be viewed as being ‘piecemeal’ and ‘ad-hoc’. 
Generally it is ‘piecemeal’ largely because the complexity levels involved in product 
realisation will normally be inherently high with uncertain causal and temporal 
relationships interconnecting production system variables with variables of other 
systems operating in the host ME and/or in the environment in which that ME must 
function.  This complexity typically means that systems modelling needs to be focussed 
on some aspect/perspective, and/or limited life phase and/or subset of system entities or 
structures connecting entities ((Chatha, Ajaefobi et al. 2006; Bennour and Crestani 
2007). Consequently modelling can lead to ‘islands of excellence’ but suboptimal 
‘holistic’ performance (Chatha, Ajaefobi et al. 2006), while the current modelling of 
production systems is ‘ad-hoc’ in as much that normally production systems modelling 
is not be done in a systematic manner which follows well defined modelling steps 
which can be benchmarked and lead to well conceived model outputs and results. 
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Piecemeal and ad-hoc modelling has limited the ‘holistic’ design and on-going (re-) 
engineering or product realising systems in a number of aspects, which include: 
i. Although parts of production systems may be near optimally designed they may 
not operate effectively as part of an under scope system, e.g. with respect to 
related engineering systems so as to satisfy current and possible future business 
conditions and scenarios. 
ii. The roles of human systems, which form an integral part of product realising 
systems, are commonly poorly defined and therefore may be poorly conceived and 
realised. 
iii. The re-use of models of production and human systems is often limited, thereby 
only partially supporting the life cycle engineering of production systems and 
partly minimising the return on investments made in production systems 
modelling. 
Also observed from the literature review reported in Chapter 2 however is that human 
systems modelling within the context of production systems engineering has advanced 
significantly and further advances should take account of such developments.  Some of 
the key developments made are summarised by Table 2-2.  This shows how a particular 
recent focus has been on modelling people and human systems as functional and 
competent elements of production systems.  Also modelled have been various ways of 
structuring competent people/human systems elements into wider scope production 
systems by achieving modelling with reference to process-oriented activities that need 
to be carried out.  This kind of reasoning and approach to modelling people 
competencies and activity-based structures was developed by Ajaefobi and reported in 
his thesis and publications ((Ajaefobi and Weston 2006; Ajaefobi, Weston et al. 2006)).  
However Ajaefobi’s work remains ongoing and has become one subject of parallel 
investigation by the author of this thesis. This has led to a new emphasis of modelling 
relative to the previous state of the art in the following respects. 
Chapter 3: Research Methodology  
 
 
Siti Nurhaida Khalil 54 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
 
 
This thesis concerns the development and case study testing of an enhancement in the 
state of the art when, coherently and systematically modelling ‘functional’ and ‘change 
capability’ characters of people in relation to process-oriented activities, and thereby the 
roles they perform, when they are performed in a well defined product realising context.  
The purpose of so doing was conceived as being to quantitatively predict achievable 
behaviours of alternatively structured configurations of human systems when they 
operate as an integral part of alternatively configured production systems.  In this way a 
research aim was to improve the ‘holism’ and ‘specialisation’ of human and production 
system modelling which can facilitate bridging of the gap in modelling provision’ 
articulated, particularly under (ii) but also, in part, under (i) and (iii). 
3.4 Research aims and objectives 
Based on the literature review and research analysis held in the thesis, the aim and 
objective of this research is to propose, case study test and develop a human systems 
modelling technique, which can be used on an ongoing and systematic basis to model, 
understand, and engineer human systems that satisfy dynamic production system 
requirements 
The objectives of this research can be broken down into several parts i.e. objective 1, 2 
and 3. These are as shown below: 
 
Objective 1 
To develop a method of modelling:  
1. ‘Process oriented roles’, that people can play within production systems, and  
2. ‘People as candidate role holders’, 
The methodology is aimed to model and improve systematically the allocations 
of resources (people) and processes (roles) in manufacturing enterprise. The 
modelling of resources and processes is then virtually simulated in engineering 
simulation software to capture dynamic behaviour of the manufacturing systems. 
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Objective 2 
1. To test the modelling method when it is used to support the design of real 
production systems deployed in case study companies. Here the aim is to elicit 
and use real data from actual production scenarios to facilitate a ‘grounded 
research’ approach 
 
Objective 3 
1. To reflect on the capabilities and practicability of the developed modelling 
method  
2. To reflect on the wider applicability of the research findings in production 
systems engineering. 
 
The aims and objectives of the research are held based on several assumptions used in 
this research work framework. This is discussed in the next section 3.5 
3.5 Framework of the research 
The authors’ research has been based on the assumption that many (possibly most) MEs 
comprise a semi-controlled environment which can be viewed as being some organised 
groups of process-based activities; that repeat over required timeframes. In such an ME 
environment it is also presumed that any production system (PS) includes the following 
types of system entity: 
i. Process structures that define ME functionalities and requirements. 
ii. Resources systems (which can be categorised as being current or possible future 
solutions to ME requirements): these systems will have components that work 
together via the attribution of organising structures which couple them to 
product realising processes. 
iii. Incoming workloads that are dynamic due to customer’s requirements change: 
These workloads will likely have an associated product variance (i.e. variation in 
product types) and uncertain volume demand. Therefore by some means the 
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resource systems deployed within any production system need to be sufficiently 
change capable to cope with workload dynamics 
iv. Product families and types that are required by different customers; where it is 
assumed that (a) different product families require major processing differences 
and/or resource system competencies to achieve their realisation, whereas (b) 
different product types within a single product family require significant but 
minor processing differences and/or resource system competencies to achieve 
their realisation.   
The conceived modelling framework is shown in figure 3-1. This illustrates a typical 
production system that is subject to changing work dynamics. To realise production 
systems models that incorporate the four sub-system views described by i-iv, the author 
decided to deploy two distinctive modelling techniques. The first technique used is 
enterprise modelling (EM), which has been designed to capture large-scale structural 
models of MEs. Various public domain EM techniques were available for selection by 
the author, which incorporate decomposition concepts and mechanisms to (I) separate 
different aspects (or views) of manufacturing systems, (II) detail model views at 
different levels of abstraction and (III) cover different life phases of ME engineering 
projects. However any one of the current generation EM techniques has limited 
capabilities, in one or more respects (I) through (III).  Furthermore EMs are designed to 
model ME structures and ME entity relationships (i.e. relatively enduring entities and 
their organising structures which can be considered to remain constant/be static in the 
time frame of modelling concern). With this modelling restriction EMs can cope with 
high levels of complexity and hence can facilitate large-scale systems modelling. 
However EMs do not provide means to encode time-based behaviours (such as state 
changes) associated with entities or entity structures (Weston 2010- Airbus SOA 
report). Therefore to enable the creation and computer execution of dynamic scenarios, 
states changes and KPI driven analyses within modelled production systems, the author 
decided to use a second modelling technique, namely Discrete Event Simulation (DES). 
Within a focussed area of any given ME, DES techniques can enable the creation of 
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Simulations Models (SMs) and can facilitate the construction and experimental testing 
of different scenarios in a virtual environment. However DES models are not naturally 
scalable hence their scope of level of realism needs to be limited. The use of SM was 
required by the author to analyse, understand, predict and quantify time-based 
behaviours of selected production system outputs and variables in response to different 
input scenarios. With a view to gaining synergy between uses of the two modelling 
technologies, the author decided to seek to use the EM of subject MEs to help structure 
the realisation of DES derived SMs. By so doing the aim was to conduct simulation 
modelling with reference to the specific organisational and environmental context of the 
host ME. 
 
 
Figure  3-1a Production systems with work changing dynamics 
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Figure 3-1b Generic production systems with work changing dynamics 
It follows that the modelling approach to be conceived and tested by the author needs to 
be based on best in class EM and DES modelling to explicitly specify and match: 
‘enterprise requirements models’; ‘candidate models of resource system solutions’ 
(including human and automated resources); and ’incoming work families, types and 
loads’. These three (process, resource and work) model types are illustrated in figures 
3-2 and 3-3: 
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Figure  3-2 Process Solution and Process Requirements 
Process requirements (or ‘job specifications’) need to be realised by human and 
automated resources (or ‘workers’ and ‘machines’, that possesses needed functional and 
change competencies to act as process-oriented role holders). Also as work (family, 
types and load) changes (see figure 3-3) the impacting product dynamics needs to be 
realised via either (A) having competent resources assigned to process oriented roles or 
(B) by having higher level management/engineering/supervisory role holders to change 
the design/configuration of roles and/or role holders.     
 
Figure  3-3:  Details of process requirements and process solutions. 
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3.6 Types of research methods used 
3.6.1 Exploratory 
The research is performed to elicit knowledge and data about the processes realised by 
collaborator organizations. Typically these processes comprise ordered enterprise 
activities, which: begin with the sales/negotiation activities; that lead to the receipt of 
customer orders or contracts; that lead onto design and engineering, production 
planning activities; and so on. Hence amongst the general research methods available it 
was envisaged that exploratory research was particularly appropriate as it enables the 
researcher to investigate ME activities and gain some insights and familiarity of the 
organization so that any given study can be extended in greater depth (Wisker 2001). 
Hence the author sought to perform structured interviews with people with knowledge 
of strategic, tactical, and operational and support processes in subject MEs, such as 
executives, managers, supervisors, and operators. It was also planned that the 
knowledge elicited from those persons would be explicitly captured into an EM of the 
subject ME.  
3.6.2 Descriptive 
Following exploratory research study, the researcher chose to deploy a descriptive 
research approach in order to describe the phenomena or issues occurring in the ME 
environment (Wisker 2001). Descriptive research helps in describing the real issues 
faced by the organization and this is done through quantification of key characteristic 
properties i.e. throughput and takt time. Descriptive is held by identifying the key issues 
that need improvements in the company and then seeking information that characterizes 
the issues, such as what is the percentage of non-compliance of assembled products, 
what is the actual rate of production per day against the customer demand, and also the 
takt time, throughput etc. At this stage data is collected and is usually quantitative in 
nature. This approach examines the problem faced from the issues highlighted that 
likely can be used to explain the causes of the problems as well as predicting the future 
effects due to the causes involved. 
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3.6.3 Explanatory 
Explanatory approach is the continuation of a descriptive method where the issues and 
the characteristics of the case study are described and then analysed; so that it can be 
explained why and how such issues arise (Wisker 2001). The explanatory approach also 
known as analytical approach explains and helps to understand the issues by 
discovering and measuring relationships between issues. Such an approach will be able 
to seek solutions e.g. ways to reduce WIP in production line, ways to plan and design a 
manufacturing line that involves variable product design and volume demand. 
3.6.4 Research: phases and methods. 
Table 3-1 below describes the methodology proposed for use during different stages of 
the authors proposed research. The details are as follows in table 3-1: 
Research activities Research 
approach 
Research 
methods 
Setting up the introduction of this research, reviewing 
related literature, stating problem definitions, and 
developing research hypothesis. Setting research aims, 
objectives and research methodology. 
Exploratory 
& 
Descriptive 
 
Qualitative 
Static models: Using EM methods to structure static 
models. Before that, the modelling concepts, working 
envelope and the framework of this study will be 
performed to make sure necessary characters of human 
at work are considered.  
Exploratory 
&  
Descriptive 
Qualitative 
& 
Quantitative
Specify methods / architectures that will systematically 
capture the dynamics of a human system; reuse data for 
testing and validation and update the human system 
models designed.  
Exploratory 
& 
Descriptive 
Quantitative
Table  3-1: Research approach 
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3.6.5 Research: case study implementation 
The research planned was to study a number of case study companies with different 
backgrounds and operating in different product markets. The approach to perform this 
research is based upon a combination of methods (Hine and Carson 2007) such as 
interviews, observations, occurrence reports, verbal reports etc. According to Hine and 
Carson (2007), this helped the research to achieve a much wider and more detailed and 
in-depth understanding of complex business processes. This also helps understand 
decision-making carried out by managers in complex situations when engineering an 
enterprise. This method also emphasized the importance of a rich picture of phenomena 
under study. 
This study was therefore planned to be conducted by including these approaches: 
 in-depth interviews with ‘key informant’ owner-managers; 
 observations of the business activity of a specific company; 
 data comparison of competitive activity; 
 analysis of appropriate company records. 
3.7 Concluding remarks 
In this chapter, the gaps found in the literature are discussed. From the gaps discussed, 
the framework of the research is proposed for this research. Generic research methods 
have also been discussed in this chapter (referred to in table 3-1). This research was 
based primarily on the exploratory case study testing of a combination of state of the art 
modelling ideas (forming a modelling methodology) in three distinctive MEs. The 
purpose of so doing was to conceive and test advances in best practice (academic and 
industrial) modelling of human resources used in process-oriented product realising 
system.
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4 Chapter 4: Elements of the Proposed Modelling 
Methodology 
This chapter considers the selection and organisation of a set of modelling concepts, 
frameworks, methods, techniques and tools that will be used in a coherent and 
exploratory fashion to realise the stated aims of this research. The purpose of the 
research exploration using these modelling approaches will be to conceive and later 
case test (see Chapter 8) the primary deliverable of this study, namely a new:  
‘Methodology for Modelling Human Systems within specific case MEs’ 
To model human systems in the context of any subject manufacturing enterprise, several 
methodologies were selected. These methodologies need to systematically map 
relationships between enterprise processes as well as to define how human resources are 
assigned to roles defined in terms of enterprise activities that need to be executed on the 
shop floor. This research is firstly performed by defining sets of objectives within the 
framework of a human system operating in a subject production system (PS). Then 
later, some modelling concepts are introduced and will be used throughout this research 
so that the objectives stated earlier are achievable within the boundaries of the designed 
framework. It is then followed by the introduction and deployment of modelling 
technologies that are commonly used by other researchers to model the PS operations of 
PS. A methodological approach to modelling is used because it can lead to systematic 
and quantitative analysis of alternative configurations of human and technical resource 
systems assigned to a subject PS such that these PSs can fit their business and 
engineering environment even though they may change on an ongoing basis. From the 
introduction of modelling technologies for this research the researcher will elaborate 
further the methods chosen to model within the selected framework. The chosen 
methods should define the steps taken to deploy the modelling concepts, via the use of 
structures that form the modelling framework, which are implemented via the chosen 
modelling technologies. 
4.1 Concepts for modelling human systems in MEs 
The conceptual approach towards modelling human systems taken in this research is 
best viewed with reference to Figure 4-1; which introduces the use of three sets of 
Chapter 4: Modelling Methods 
 
Siti Nurhaida Khalil 64 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
modelling concepts to represent both (a) a decomposition of any given production 
system (PS) into its three (work, process & resource) sub-systems and later (b) will 
enable representation of different configurations of these three sub-systems in ways that 
helps to visualise alternative PS conceptual designs. This generic model represents the 
incoming workload entering the product realising activities performed in MEs i.e. 
processes that later will be realised by resources performing activities that promote 
value added results. This concept therefore decomposes PS system configurations into 
three entities: 1) Workload (W), 2) Process (P) and 3) Resource (R). Workload is 
described as the amount of work/job that needs to be achieved at a specific time given. 
Resources that are included at this stage include machines, people, materials etc. 
Specifically the research will focus on the selection of human resources in any PS and 
will involve a study of the human resource dynamics in the process stream when 
subjected to multiple workloads. Human resource functions change when multiple 
workload demands give rise to multiple instances of processes in PS. This change in 
process states affects the best choice of operational speed, specification, layout, and 
routines to be performed by human functionality. Human functions must perform value 
added activities even where the PS is continuously redesigned so that it will be able to 
meet demands for multiple workloads. Workload changes will typically be due to a 
product volume dynamic, product variance (due to change in specification change by 
customers) and also the introduction of new products into a PS. Workload is also driven 
by planning and control (P&C) decisions issued by the management. This P&C is 
directly affected by numbers of customer’s orders (order volumes as well as technical 
specifications).  
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Figure  4-1: Separation of the modelling concepts proposed for modelling human system 
in MEs 
These decomposed concepts of workload; process and resources are later integrated 
together so that the behaviour or dynamics of the process is observable and 
measureable. But before that, the author introduces more concepts that are also critically 
related to manufacturing scenarios, which are further discussed in forthcoming 
subsections. 
4.1.1 Roles and role holders 
To be able to model human system in PS, concepts such as ‘roles’ and ‘role holders’ 
was introduced and used in this research to explicitly describe the actors and the 
activities carried out in engineering enterprises. In this research the researcher 
introduces the concept of ‘roles’ and ‘role holders’, which are one of the important 
elements in process requirements and process solutions  
In ME, there is a distinctive difference between job specifications and roles. Pritchard 
and Murlis (1992) mentioned, 
‘Within these organizations there is a need to move away from restrictively defined 
“jobs” to more broadly defined “roles”, with an emphasis on flexibility and making 
maximum use of people and their abilities’ 
Jobs and roles are two distinctive definitions in MEs, where role is a position where it is 
created with greater flexibility, optimised up to full use of resource and also people 
abilities i.e. competency, whereas job is a static definition of a person’s position (Lupu 
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and Sloman 1997; Siemieniuch and Sinclair 2002). This is also supported by Armstrong 
and Cummins where they described job as an organizational unit, which consists of a 
group of defined tasks or activities to be carried out or duties to be performed 
(Armstrong and Cummins 2008). However, roles are parts people play that emphasizes 
on the outcomes of what they do and the competency required for them to do the job 
and also behaviour expected out of them. Thus from this the author defines role as: 
 A position that is flexible, dynamic and is performed by using full abilities i.e. 
competency of the resource in achieving the organizational goals.  
Role holders are simply defined as: 
The assigned resources to perform selected role/s. 
The defined role and role holders leads to definitions of further concepts that are 
included in this thesis. These are discussed further in the next subsections.  
4.1.2 Process Model 
Process model can be described as a framework for identifying, defining, and 
organizing the functional strategies, rules, and processes needed to manage and support 
the way an organization does or wants to do business (Worley, Chatha et al. 2005). The 
process model provides a graphical and textual framework for organizing the data and 
processes into manageable groups to facilitate their shared use and control throughout 
the organization. 
4.1.3 Competency 
Competency often relates to ability of a person, be it technical, behavioural or social. In 
this context the technical competency will be focused on further. Competence is defined 
as the results of combined implementation of knowledge, know-how, abilities, attitude 
and behaviour. It also means the ability of an individual to perform an activity in a job-
relevant area as well as what is required from an individual to realize effective 
performance (Worley, Chatha et al. 2005; Bennour and Crestani 2007; Boucher, 
Bonjour et al. 2007). Also it is defined as the quality of being able to perform; a quality 
that permits or facilitates achievement or accomplishment (Farlex 2009).  
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Role holders in a process line are assigned to their roles by matching their competencies 
with requirements of the roles they are acting on. The matching process of roles to role 
holders via competency is determined by explicitly defining the required competencies 
of role holders of the given roles. The activities/tasks in the process line need some 
level of competency from role holders. After acquiring the required competencies of the 
actors in the process line, they are then matched to the candidates of role holders via the 
competencies possessed by them. 
4.1.4 Process requirement 
Process requirement spells out the needs in the process. It describes the requirements 
that are essentially important in order to run the process. Process requirement is the 
most crucial part of a process and this needs careful management so that the objective of 
the process is achieved. Ralph R Young (2004) described systematic method in 
developing process requirement by detailing nine chronological steps in achieving a 
systematic and detailed process requirement. After developing the process requirements 
of the production process, the appropriate process solutions are then listed out to match 
these requirements. 
4.1.5 Process solution 
In this stage, all of the requirements resulting from the process requirements are referred 
to and solutions in resolving the requirements are provided. These solutions are 
identified from the process needs that are explicitly defined in the requirements 
sections. However in matching process requirement with proposed process solutions, 
the researcher found there was a gap in realising the matching process. The tool(s) and 
approach(es) needed for each solution differ due to the nature of the requirements and 
solutions individually. Some requirements could be achieved electronically; however 
some need real physical contact. 
4.1.6 Product family 
Product family is described as a group of products that are grouped together based on 
the commonalities in their 1) design 2) function and 3) process. A product family often 
shares common sets of designs thus shares common sets of production activities and 
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human resources in realising it. Products that are from different groups of family 
usually have different sets of process routes and human set-ups. The concept of product 
family is portrayed in figure 4-2. The switching between batches of the products is 
determined by work orders, which is related to customer orders. In a process stream, 
when producing products of same family group, minor adjustments or programming is 
implemented to meet the needs of specified work orders, however when the same 
production line is used to produce products of different product family, major 
adjustments or configuration are needed because this will lead to change of physical 
facilities set-up as well as human resource assignments and structures. This is discussed 
further in the following.  
 
Figure  4-2: Product family in production system 
 
4.1.7 Reconfigurability concepts in human systems: 
Programmability 
Programmability in human systems is applied at two different stages; first is at a process 
stage where it is defined as the ability to change the activities or process routes on the 
shop floor to adapt to small changes imposed on processes and activities resulting from 
dynamic workloads, and second is the ability with regards to human systems which is 
the ability to change sets of role requirements on the shop floor due to change in 
activities resulting from dynamic workloads.  The concepts of programmability can be 
referred to as summarised in table 4-1. A programmable PS is to endure change in 
process route and human roles when the product changes within the same product 
P= Product family 
P1= Product family 1 
P2 = Product family 2 
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family. Usually products from the same product family share generic process routes, 
however minor adjustments need to be applied in the PS to accommodate new 
specifications from incoming customer orders. The implementation of change is held 
offline, which means the change is held outside the standard operating procedure or 
SOP in the actual production facility. 
 
Table  4-1: Programmable and configurable human systems 
4.1.8 Reconfigurability concepts in human systems: Configurability  
Also configuration is defined as the arrangement of the parts of something and the 
ability to change the (physical) arrangement of parts or machine due to process change 
(Farlex 2009). Configurability in human systems is defined by the researcher as the 
activity of assigning workers to their roles so that the objectives of the work/job can be 
achieved by changing human assignment and human organization structure. 
Configuration is linked to programmability, however in this case the change in PS is 
caused by change of products across product family. Due to this, the process route as 
well as human resource structure change. Table 4-1 described further the concepts of 
configurability. 
4.2 Modelling technologies 
Two modelling techniques are incorporated in this research:  
 Static modelling (CIMOSA - Enterprise Modelling technique) 
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 Simulation modelling (Simulation Modelling technique- Technomatix Plant 
Simulation software and SIMUL8) 
These modelling techniques are mutually used in this research due to the nature of the 
context of this research area, which consists of complex relationships and interactions in 
manufacturing organisations. It is generally known that manufacturing enterprises 
consist of combinations of several complex systems that are related inter-dependently, 
therefore it is critical to adopt systematic approaches in order to enable manufacturing 
enterprises to manage complexities. The first proposed method i.e. CIMOSA embarks 
on mapping of complex processes into manageable modules or decompositions that 
support systematic structuring of the complexity of the manufacturing system. This 
approach allows the processes held in the organization to be easily understood, 
systematically mapped, re-engineered and redesigned. The complexity of the human 
system in manufacturing plant is highly related to PS behaviour. Dynamic incoming 
workloads affect system behaviour, thus affects the human system too. Due to this, the 
static modelling technique has to be supported with a dynamic modelling technique so 
that the behaviouristic aspect of PS as well as the human system that undergoes 
dynamic process change can be modelled, determined and analysed.  
However in modelling the human system, there are issues that need to be highlighted 
and addressed in order to fulfil the aim and objectives of this research. Humans are 
unique and their behaviours can be difficult to predict. Thus it may be almost 
impossible to model the unconstrained human due to these complexities. On the other 
hand, potentially human systems can be modelled from more constrained viewpoints. 
Example viewpoints include: psychology, physiology, culture, structure, dynamic, roles 
and attributes. This is illustrated by figure 4-3. 
In this research the author aimed to 1) propose techniques to model and 2) understand 
and engineer human systems that satisfy dynamic production system requirements. 
Modelling of the human resource system in an engineering enterprise in this research 
only focuses on the functionality of the human resource in specific processes i.e. 
selected case studies. Thus other aspects in human systems such as ergonomics, 
environments etc are not included in this research although these aspects as mentioned 
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above are also integral part of human systems. To be able to manage the complexity of 
human systems in manufacturing enterprises, only selected functional elements of 
human systems are chosen for this research which are 1) attributes i.e. competency, 2) 
roles, 3) and dynamics. Also it is assumed that the functionality of human resource in 
the enterprise activities can be used as a surrogate variable to some of the human related 
issues  i.e. throughput etc.  
 
 
 
Figure  4-3: Human system entities 
 
In the following section, the modelling methods used in this research are further 
elaborated and discussed.  
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4.2.1 Static Modelling 
4.2.1.1 Enterprise modelling 
Enterprise Modelling (EM) is mainly about structuring and enabling collective and 
individual decision-making. EM assists in the process of making the right choice at the 
right time and the right place. Enterprise modelling was introduced to externalize 
enterprise knowledge, so as to add value to the enterprise by enabling knowledge 
sharing and reuse (Vernadat 2002).  The concept is about breaking down the barriers in 
organizations that hinder productivity, thereby synergizing the enterprise to achieve 
better business goals in an efficient and productive way (Fox 1994; Fox and Gruniger 
1998). Enterprise Modelling is a pre-requisite for Enterprise Integration (EI). EI is 
closely related to business process coordination and cooperative decision-making (Ladet 
and Vernadat 1995; Kosanke, Nell et al. 1997).  
MEs are complex systems that involve dynamic behaviours of people, which act as 
functional entities (FEs) which interoperate with technical agents in pursuing business 
missions that are subjected to internal and external constraints (Vernadat 1996). The use 
of IT facilities in EI increases the flexibility of the organization in different ways i.e. 
organizational flexibility, operational flexibility, product flexibility and manufacturing 
flexibility. Thus in this research, the ME is modelled using the state of the art EM 
method to break down complexity and then integrate using computational facilities to 
be able to introduce flexibility to assist in decision making. 
Thus when modelling a given PS, it is envisaged that ME processes are mapped and 
decomposed based on a top-down approach (neglecting the cross departmental 
boundaries) and these process-oriented models can then be integrated with other 
modelling concepts i.e. roles, role holders, competency etc and experimented with 
dynamic incoming workloads entering the PS. In this way the author presumed she 
could simulate the behaviours of the systems and support decision making that assists 
business coordination and decision-making. However to be able to determine the  
reachable dynamic behaviours of any PS, the static EM model needs to provide the 
structural framework for the PS modelling so that subsequent simulations are performed 
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with reference to the specific ME contexts in which the actual PS must work. 
Simulation modelling is discussed further in the following section. 
4.2.2 Simulation Modelling 
Simulation modelling has been used in many forms and in many domains such as 
services, manufacturing, healthcare, defence and public services. The Discrete Event 
Simulation (DES) modelling method is chosen for simulation modelling in this study 
because it has been widely used in academia for two reasons; 1) it is used as an 
academic tool for understanding and developing time based behaviours of production 
systems and 2) to support the design and operation of selected ME cases that runs 
specific products or services for customers (Rahimifard and Weston 2007). This method 
aids in performing quantitative analysis on a specific case study and also in predicting 
possible behaviours of alternative production system configurations; particularly when 
they are subjected to different workloads. Simulation experiments can be beneficial to 
manufacturing system designs and operations as described by Rahimifard and Weston 
(2007) such that these reduce time involved in designing, implementing and running 
production systems; balance and optimise production system designs; improve the 
planning of production and purchasing for short, medium and long terms; and provide 
an analytical basis for ongoing production system improvements.  
The details of the steps planned for the research are described further in the following 
section. 
4.3 Modelling methods: to provide a stepwise modelling 
approach 
4.3.1 Step 1: Enterprise Modelling 
Computer Integrated Manufacturing Open System Architecture (CIMOSA) Framework 
is described by various authors such as (Vernadat 1996; Kosanke 1997; Monfared and 
Weston 2000; Chatha, Ajaefobi et al. 2006), and is considered by many authors to be 
the most comprehensive of current public domain EM approaches (Vernadat 1996; 
Kosanke, Vernadat et al. 1999; Ortiz, Lario et al. 1999; Weston R.H. 1999; Monfared 
and Weston 2000; Rahimifard and Weston 2009; Rashid, Masood et al. 2009). The 
fundamental CIMOSA architecture is as referred to in figure 4-4: 
Chapter 4: Modelling Methods 
 
Siti Nurhaida Khalil 74 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
 
 
Figure  4-4: CIMOSA Architecture (adapted from Vernadat 1996) 
The framework of CIMOSA covers three main modelling dimensions, which are termed 
as  ‘generation’, ‘instantiation’ and ‘derivation’.  
The modelling process is initiated by modelling the ‘as is’ scenario or better known as 
the current situation in the selected case company. This model explicitly mimics the 
actual process in the company in a structured and systematic way. Then later the new 
‘to be’ models are created for candidate future solutions in the enterprise. This 
modelling technique enables top-down or bottom-up thinking in modelling enterprises 
by (i) thinking strategically to inform the redesign of an ME typically via top down 
thinking that is required to realise large scale change; or (ii) by analysing concerns on 
the lower level of the enterprise activities thus being able to address and solve problems 
coded by CIMOSA models.  
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The CIMOSA enterprise modelling technique used in this research is based on process-
based approach (Pandya, Karlsson et al. 1997) where the activities are modelled by 
crossing boundaries of functional departments i.e. sales, planning, design etc. The 
activities are modelled based on the flow of the process in the enterprise; starting from 
1) obtain order; 2) fulfil order and 3) manage fulfil order processes. The ‘obtain order 
phase’ refers to all processes (and activities) involved in acquiring and confirming 
orders from customers/clients. This is more concentrated on the front-end activities of 
the company. Typically it includes the major activities performed by the sales and 
marketing teams. On the other hand order fulfilment class of processes refer to all the 
direct value adding processes and activities, which are directly related to the specific 
order and required to transform the order to finished goods meeting customer 
requirements. These processes and activities include pre order designing, actual product 
design and development, and all the actual production processes like printing, assembly 
and packing. The third class of processes is related to all the supervisory and managerial 
activities required to fulfil customer orders. It includes processes and activities related 
to planning and scheduling, managing different process domains like design, 
development, human resource management, information and quality assurance etc. 
These processes are then modelled using CIMOSA technique thus breaking down 
complexity in business activities into much more manageable blocks that interrelate to 
one another. The processes are decomposed and listed below in chronological order as 
follows: 
 Domain (D) 
 Domain process (DP) 
 Business process (BP) 
 Enterprise activities (EA) 
 Functional entities and functional operations (FE and FO) 
However, the structure of the decomposition of enterprise using CIMOSA is further 
enhanced and expanded by Monfared (2000) who describes primarily the view that 
presents four well-organized diagrams for enterprise decomposition and description at 
various levels. These diagrams are called context diagram, interaction diagram, 
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structure diagrams, and activity diagrams. Figure 4-5 portrays the relationship between 
context diagram, interaction diagram, structure diagram and activity diagram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  4-5: Context, interaction, structure and activity diagrams 
The enterprise models in this research are developed as depicted in figure 4-5, which 
described the processes modelled as follows: 
4.3.1.1 Step 1: Context Diagram 
The modelling starts with the context diagram that describes the domain (D) in the 
company. Domain is the top most on the hierarchy of organisational processes. It 
describes the functional area that has goals and objectives in the enterprise. This is done 
by identifying, analysing and categorising the processes into segments that are stand-
alone core processes based on the flow of the business process such as front end 
business process, business management, produce and deliver etc. 
4.3.1.2 Step 2: Interaction diagram 
Further the processes are decomposed into interaction diagrams. Interaction diagrams 
portray the interactions between domain processes where there exists exchange of 
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requests or events and objects. The interaction diagram portrays the chain of activities 
in a domain flowing in the enterprise to achieve and produce the aimed end-result. The 
DP processes i.e. requests, events are objective oriented, and they happen by crossing 
boundaries of the departments in the enterprise or even the outside enterprise (Vernadat 
1996). 
4.3.1.3 Step 3: Structure Diagram 
Next level decomposition is the structure diagram. In the structure diagram, DPs and 
BPs are systematically decomposed into structures. These structures are broken down 
into levels of granularity through systematic numbering such as DP3 is broken down 
into several DPs i.e. DP3.1, DP 3.2 and DP3.3. The interaction between human, 
resources (physical, machine), information, financial etc to the business activities are 
also shown in this level of decomposition. 
4.3.1.4 Step 4: Activity Diagram 
The last granularity of decomposition of enterprise activities is the activity diagram. The 
activities in each process are broken down to the lowest granularity of the organization 
and are also called Functional Operations (FOs). FOs are defined as the elementary 
processing steps and they come in two ways: structured and unstructured. Structured 
FOs are the structured activities such as sets of a series of activities in an assembly line. 
The unstructured FOs are the human-based activities. In this case, only a list of FOs are 
provided and guidelines indicating how these activities can be performed are included. 
These activities interact with each other with transfer of information. 
The lowest enterprise activities are functional operations (FOs) and functional entities 
(FEs). FE is any active resource that is able to send, receive and process messages and it 
has some degree of autonomy and intelligence. FEs react to triggers, i.e. design data, 
and by some interaction i.e. language, it can execute basic actions or known above as 
FOs. A human is classified as an active resource in the enterprise models. The 
decomposition of enterprise can also be understood further in figure 4-6. 
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Figure  4-6: Decomposition of enterprise activities and matching of functional 
operations and functional entities to enterprise activities (adapted from Weston, Zhen et 
al. 2006). 
In this modelling technique, D, DP, BP and EA specify the requirements for the process 
that begins from the top level to the lowest level of process hierarchy. On the other 
hand, FO’s and FE’s are elements that exist in a production process as the solutions for 
the requirements, which also act as solutions to design specifications. Further it will be 
discussed how FO’s and FE’s are managed and strategically matched and assigned to 
the enterprise activities. 
4.3.2 Step 2: Product classification and work organisation 
At this stage, products/ parts/ components are consolidated into product families to 
reduce a product complexity for the later multi-product modelling stage for managers to 
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adopt, and simplifying approach the planning and execution of production operations.  
Also the two key operations i.e. tactical and operational are described and detailed. 
4.3.3 Step 3: Resource Modelling 
Resource modelling is carried out by modelling the role identified in the CIMOSA static 
model, which includes e.g. . FO’s and FE’s. The roles are decomposed from the top-
down, beginning from domain processes to business process and further decomposed to 
enterprise processes, FO’s and FE’s. The roles can only be identified at the lowest 
granularity of the enterprise activities and usually are grouped together based on 
similarity in e.g. product family or design. An exemplary model for role modelling is as 
referred to in figure 2-11. 
4.3.4 Step 4: Integration Modelling 
The modelling methods proposed in this research are the integration of static modelling 
methods via enterprise modelling (EM), dynamic modelling method via simulation 
modelling and concepts such as roles, role holders, configuration, competency, product 
family, process requirements, process solutions and dynamic workloads. The integration 
can be understood by referring to figure 4-7, which portrays the relationships between 
the concepts of both modelling methods proposed in this research. 
As discussed in previous sections, the modelling methods proposed for this research are 
both static modelling and dynamic modelling. Static modelling is used via the 
Enterprise Modelling method using state of the art CIMOSA methods of decomposing 
processes in enterprises by breaking down manufacturing enterprise complex activities 
into manageable, process-oriented mapping activities. At the lowest granularity of the 
enterprise activity (EA), the process is broken down into several elements i.e. 
workloads, process and resources. Further, in the human system modelling context, the 
description of the process element is then extended to description of human-centred 
roles required in performing production activities and the solution to these requirements 
are the resources and are described as the role holders performing the roles described in 
process elements. 
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However, to be able to witness the behaviour of the complex interaction in the process 
and resource elements when workload changes overtime due to unpredictable customer 
incoming orders, a dynamic modelling solution is used to fulfil this requirement. The 
dynamic modelling solution not only produces results that show the behaviour of the 
system, it also works as a platform that aids integration of elements that are decomposed 
and segregated to breakdown the organizational complexity in static models. 
Figure  4-7:  Semi generic integration of modelling methods and concepts for PS 
This enterprise integration is used to perform multiple scenario experiments firstly to 
show the behaviour of the ‘as-is’ scenario, and secondly to show the behaviour of the 
‘to-be’ scenario that is used to observe the behaviour of the improved original ‘as-is’ 
situation in the ‘to-be’ scenario. The ‘to-be’ scenario includes change in human resource 
configuration, either via the concept of reconfiguration or programmability described 
earlier. The workloads entering the process also describe several classes of product 
families, where the dynamics of these distinctive families vary, thus changing the 
requirements of the process as well as the process solutions. 
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The integration platform i.e. simulation modelling shows results of the production 
behaviour in general and specifically described human system behaviour. The complete 
approach is implemented in case studies and further discussed in the following section. 
4.3.5 Step 5: Dynamic modelling steps 
To realise the conceptual design and building and running of simulation models, the 
author proposed the use of a step-by-step method of re-using knowledge and data 
previously encoded by the static models within so called ‘in context’ dynamic 
simulation models. Very importantly by starting with a model of organisational 
structures of a specific case ME (encoded via an enterprise model) it was envisaged that 
PS simulations and results analysis could be conducted within the specific operational 
and management/decision-making contexts of their host ME.  
The proposed dynamic modelling steps are portrayed in figure 4-8. 
 
Figure  4-8: Dynamic modelling steps 
Dynamic modelling is initiated by developing the framework of the activities encoded 
by the enterprise model of a particular case ME. This framework is developed using EM 
methods that decomposes the operational (day to day product realising) activities 
performed in a chosen case study using a process based approach as explained earlier in 
chapter 2. The proposed steps in re-using enterprise models to conceptual design 
simulation models, as portrayed in Figure 4-8 are elaborated as follows: 
Step 1: Framework development 
The EM model that has been decomposed to the lowest granularity i.e. enterprise 
activity is then used as a reference for developing a conceptual framework for dynamic 
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models. This framework includes the details of the process line such as the activities 
performed along process lines i.e. functional operations (FOs) and the functional entities 
(FEs). These ‘as-is’ static models, which described the actual process carried out in the 
process line, are then mapped into the simulation modelling software. The ‘as-is’ static 
models are then mimicked into the simulation modelling platform translating the exact 
process, which includes FOs and FEs.   
Step 2: Scenario building 
The scenario of the process is then set up based on the ‘as-is’ requirements. In this 
phase details are considered such as the time taken for each workstation to complete its 
process, the layout of the production line, the number of workers and the structure of 
workers involved in the production line, etc. tactical and strategic planning from the 
production management is also included in the scenario. 
Step 3: Data entering 
When the scenario of the production line is specified, sets of data that encapsulate 
dynamic workloads and parameter values of the real production system in the case study 
are incorporated into the simulation model. The simulation model is then ready for 
multiple simulation trials and at the end of the simulation model period, the results of 
the simulation model are captured and analysed. 
Step 4: Results and analysis 
At this stage the results from the simulation models are analysed. The results that are 
normally captured are the rate of the production throughput, Takt time, process 
bottlenecks, etc. The analysis from the simulation results is performed when all 
experimental trials of the simulation model have been achieved. 
The steps in the simulation modelling are then replicated to test various ‘to be’ 
production scenarios by changing the scenario layout, FOs and resource structure in the 
production line. These scenarios are described as ‘to be’ because the developed models 
incorporate improvements of the ‘as is’ situation. Different sets of workload input are 
also replicated into the ‘to be’ models.  
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When developing simulation models, the author has primarily used a customized 
software tool called Technomatix Plant Simulation by Siemens. This software is a 
discrete event simulation (DES) tool that has been developed to help create digital 
dynamic models of production systems.  DES tools are viewed as widely used 
simulation modelling tools that are used for design (layout, resources, material 
handling, etc) as well as operational applications (AlDurgham and Barghash 2008).  
AlDurgham (2008) also mentioned that the use of simulation modelling methods 
allowed cheap and fast decision-making in the operational state of a manufacturing 
enterprise. 
The details about the simulation modelling via Plant Simulation software are elaborated 
further in the following section. 
4.3.5.1 Simulation modelling software: Technomatix plant simulation software by 
Siemens 
The simulation modelling software selected for this particular study is Technomatix 
Plant Simulation software. The software is a custom made tool for users that 
specifically is designed to model the performance of a manufacturing plant. The tools 
used for modelling are placed in ‘explorer’ under the tab ‘class library’ that shows the 
built-in objects in a hierarchical view grouped in folders and subfolders. By default the 
class library contains folders for: ‘Material Flow Objects’, ‘Resource Objects’, 
‘Information Flow Objects’, ‘Moving Objects’, ‘Display and User Interface Objects’, 
‘Models’, and ‘Tools’. These tools are used to model processes in manufacturing using 
the ‘object-oriented modelling’ technique (refer figure 4-9).  
The Object-oriented modelling technique allows processes to be modelled in simple and 
smaller models separately in respective saved folders. Also the users are able to create 
networks of complex interactions between these simple models. A separate new folder 
i.e. folder ALL was created and by using the ‘drag and drop’ method. Selected small 
models in separate folders are placed into folder ‘ALL’ and linked together using 
arrows thus creating the complex networking relationship of processes of a production 
line. The object based modelling method allows flexibility and quick set-up of an 
experimental simulation model and simplifies the complexity of the actual production 
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process by breaking down processes into sub modules and then joins them by 
integrating the modules together so that it allows testing and experimenting the 
behaviour of the selected complex networked production system by changing the 
system variables.  
The simulation is controlled by the event clock controller (the clock icon in the model) 
where the time of start and end of the process can be determined using the icon (refer 
figure 4-9). The model, which is connected from one icon to another via linking arrows, 
is developed by creating an input icon on the modelling frame. The first icon on the left, 
which is called the input icon, specifies the details of incoming workloads. The details 
are inserted such as the quantity to produce, the name of MU (moving units) or products 
and the time when workloads are expected to start their operations. 
 
 
 
 
 
 
 
 
 
Figure  4-9: Technomatix simulation modelling software 
 
Figure  4-10: Simulation model sample 
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The control event clock also enables control of simulation speed (from slower to faster) 
of the models in order to observe the behaviour of the production system in dynamic 
form. The input icon is then connected to other process workstations such as pre-
wrapping, wrapping, pre-laminate, laminate, post-laminate, press and lastly ends with 
the drain icon (figure 4-11). Each icon will need to be filled in with data such as time 
taken to process at each workstation, the assigned resource working at the workstation, 
the statistical value of each process for stochastic analysis, etc. 
By running this model, the results of the behaviour of the production system can be 
achieved via dynamic graphs that are plotted during the simulation experiments. Other 
results such as the throughput, Takt time can also be measured using the counter icon 
placed at the ‘drain’ icon. The simulation model is then tested with different scenarios 
and variables to witness the changes in system behaviour (when change is made for 
improvement in the system). 
The following section will describe the holistic approach of modelling a human system 
in a manufacturing plant via integration of both enterprise models as well as simulation 
models. This can be observed in figure 4-11. 
4.3.6 Analysis and observation 
Testing of improvements is performed in this section. The behaviour of the improved 
process i.e. ‘to be’ process is tested via simulation modelling and validated through 
simulation validation techniques.  
A simplified view of the proposed modelling methodology, and its contributing 
modelling elements as defined in the forgoing, is shown in figure 4-12. The overall 
methodology integrates the use of the modelling elements discussed into a unified 
whole to provide a new, enhanced and systematic step-by-step approach to modelling 
human systems; such that they function and behave as part of a PS within the specific 
contexts that face a subject host ME. 
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Figure  4-11: Modelling flow 
It follows that the proposed modelling exploration, methodology development and case 
testing will follow a grounded method of conducting research as it has had a developing 
aim and enabling modelling ideas by: comprehending relevant research areas; 
synthesizing via collection of data; developing unified EM and SM modelling 
approaches; theorising the final solution for systematic, in context modelling; re-
contextualising the technique; and testing it so that it is applicable to other/different 
contexts or situations. Also central to this study has been the integration of two 
normally distinct modelling methods (i.e. EM (static model) and SM (dynamic model) 
that normally are used separately to represent and enact human oriented organisations 
and performance attributes such as throughput, lead time etc in production line. The 
integration is based upon new definitions of modelling concepts that can be used in both 
enterprise and simulation modelling contexts: such as work, process and resource 
subsystem definitions, and process, activity, role, role holder and competency 
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definitions. Also considered are new views on programmability and re-configurability 
and how these and other concepts can be used as a way of decomposing human 
organisational structure complexity in manufacturing organisation. As referenced via 
Table 2-2, many other researchers namely Baines, Ajaefobi and Bennour have 
investigated the modelling of human system performances; however in this research 
work, the researcher has introduced a key flexibility element (and the need for 
modelling human system (dynamically) with reference to well organised configuration 
concepts. Through the adoption of re-configuration and reprogramming concepts the 
modelling performed in this research work is aimed at providing decision/information 
support for alternative ME decision makers (such as production managers, planners or 
procurement executives) about which (work, process & resource sub-system) 
configurations work best given a specific case ME and its current and possible demand 
scenarios. This research activity is also aimed at providing capability assessments and to 
support investment planning for manufacturing enterprises. 
4.4 Proposed research novelty/contributions 
 
By conducting exploratory and case study research, when using coherently the elements 
of the proposed research methodology as described in the preceding subsections of this 
chapter, the author’s aim has been to contribute new understandings in the following 
areas: 
i. New concepts related to human system modelling in MEs that breakdown the 
complexity of human system in ME’s organisational structure by enforcing 
decomposition principals. 
ii. A new modelling framework that includes static modelling and simulation 
modelling integrated in a human – process structure that includes proofs of 
concepts implemented in the framework. 
iii. Multi-perspective method that could be used in designing organisations so that 
theoretically optimal use of humans can be used within the framework. 
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iv. Ability to predict enterprise behaviour in support of ME decision making via 
capability assessment of the integrated modelling approach. 
v. Embedded flexibility concepts in the research that ultimately can facilitate the 
design of reconfigurable and flexible organisations. 
4.5 Concluding remarks 
This chapter has explained the methods used in performing the human system 
modelling in a manufacturing enterprise. These methods were proposed by performing a 
literature review of the current issues on human system modelling, finding the gap in 
the current research area and defining research objectives and aims. The research 
problem is then modelled using combined state-of-the–art method i.e. CIMOSA static 
modelling with dynamic modelling. Static modelling performed using enterprise 
modelling technology which decomposes the complex enterprise activities from top to 
bottom of the organisation, and at the lowest granularity of the enterprise activity, the 
activities are further decomposed into three elements, i.e. workload, process and 
resources. These elements are later integrated using Enterprise Integration theory, i.e. 
via simulation modelling technique. In the simulation modelling technique platform, the 
actual process map (via static model) is carefully modelled into simulation models so 
that it mimics as closely as possible the actual process held in the production floor, 
which is called the ‘as-is’ model. From this model, the activity elements i.e. workload, 
process and resources are integrated together and the behaviour of the system are 
observed and improved further by developing ‘to-be’ models which are incorporated 
with some improvements to the ‘as-is’ model such as by introducing the concepts of 
configurability, competency, and product family into the simulation models. The 
modelling methods used are then tested on case studies, through proposed steps 
discussed in section 4.3. These methods are then tested in case studies that will be 
discussed in chapter 5, 6, 7 and 8 respectively. 
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5 Chapter 5: Case study 1- Deployment of modelling method 1 
(MM1) to model human systems in a manufacturing 
enterprise - the case of a bearing company. 
5.1 Case study 1: Introduction 
The first case study company, namely ACM Ltd, is a rapidly growing SME (Small or 
Medium sized Enterprise) located in Wrath West Industrial Estate, Rotherham 
Yorkshire, England. Main production plant and administrative offices are based in 
Yorkshire with a second production facility in Shi Won South Korea, which is similar to 
the England operational facility. ACM bearing company has stakeholders and customers 
globally and has the manpower of approximately 50 people (35 regular workers) in the 
Yorkshire plant. The Yorkshire base produces a wide range of composite products that 
are used particularly in agricultural, mechanical, marine, pharmaceutical and food 
processing environments and applications. ACM produces reinforced plastic laminates 
that are composed of synthetic fabrics impregnated with thermosetting resins and solid 
lubricant fillers. The plastic laminates are produced in two forms: tube and sheet forms. 
Fully finished components are also produced such as structural bearings, washers, wear 
rings, spherical, wear pads, and wear strips, rollers and bushes. 
It was planned that the modelling methodology proposed in this case study would be 
applied in six steps as shown in the previous chapter in figure 4-11 
5.2 Step 1: Enterprise model of the case study bearing 
company 
The initial modelling step taken was to create an enterprise model of ACM that captured 
relatively enduring aspects of the processes and systems used by that ME and its supply 
chain (Ajaefobi and Weston 2006). Enterprise models were created via the use of the 
CIMOSA modelling approach that provides constructs and representational formalisms 
for decomposing complex systems (in this case systems comprising ACM processes, 
resources and work flows) into sub systems that can be analysed independently. The 
EM exercise was developed by the MSI group of researchers using the CIMOSA 
approach to model the business, engineering and production requirements of ACM Ltd 
and documented into a number of instances of four types of graphical diagram (or 
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model). These diagrams were formally composed into a collective whole EM 
(Enterprise Model) ACM; as a consequence of using CIMOSA’s decomposition 
formalisms and numbering conventions which when building the EM were used to 
break through the complexities involved in the operation of the company and its supply 
chain. In a typical first step during CIMOSA modelling and a high level of abstraction 
ACM was portrayed as a collection of domains by developing a CIMOSA conformant 
‘context diagram’. Essentially a CIMOSA domain is considered to be a functional area 
of a specific enterprise, which typically will include a complete, supply chain of 
companies (with their various related functional areas) designed to realise defined 
enterprise goals. Hence such an enterprise will often comprise many domains, which 
will own domain processes (DPs). When conducting CIMOSA enterprise modelling, 
DPs are assumed to incorporate one or more stand-alone core processes that interact 
with themselves and with processes of other domains via the exchange of ‘events’ and 
‘objects’. In the ACM case the domains (DMs) observed to be involved are described in 
Figure 5-1; which is a CIMOSA ‘context diagram’. 
 
 
Figure  5-1 ACM Top Level Context Diagram 
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Further CIMOSA assumes that the processes within each DP can be explicitly modelled 
as ordered sets of sub processes known in CIMOSA terms as business processes1 (BPs). 
Additionally CIMOSA Enterprise Modelling is based on the assumption that its BPs can 
be further decomposed into so called enterprise activities (EAs), which themselves can 
be modelled in terms of ‘units of activity’, known as functional operations (FOs) 
(Vernadat 1996; Vernadat 2002); thereby allowing EAs to be mapped onto FOs that can 
be realised by candidate resource systems. Further, to enable the creation of ‘graphical 
static models’ of ACM processes using CIMOSA modelling constructs and formalisms 
(i.e. its domain, DP, BP, EA and FO modelling principles), diagramming templates, 
which enhances CIMOSA modelling representations previously proposed in MSI 
(Monfared and Weston 2000) were used to encode ACM processes of interest. Here 
four types of modelling templates were used as described in the following:  
 Context Diagram which modelled ACM and its supply chain partner domains so 
as to provide an explicit description of the business content of subsequent more 
detailed models; 
 Interaction Diagrams showing interacting sub domains and DPs; 
 Structure Diagrams depicting interacting DPs, BPs and EAs; and 
 Activity Diagrams detailing various EAs. 
The model templates for the context, interaction, structure and activity diagrams created 
were validated by ACM management and subsequently were assumed to explicitly 
represent current best practice in ACM. However here it was clearly understood that the 
CIMOSA modelling technique was designed to model ‘relatively enduring’ (so called 
static) relationships between the various entities in an enterprise and was not designed 
to encode, or computer execute and predict behavioural outcomes from making time 
dependent changes in the enterprise (i.e. CIMOSA models cannot be used to predict 
behavioural outcomes when the number of orders for bearings increases or reduces or 
                                                 
1 A Business Process (BP) is a partially ordered set of manufacturing activities, linked by precedence 
relationships, execution of which is triggered by some event(s)  and  (for some internal or external 
customer) will result in some observable or quantifiable end product  
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when resource availabilities change). Figure 5-1 presents some of the ACM CIMOSA 
static models developed during this case study. 
5.3 Step 2: Product classification and work organisation 
Based upon observed similarity in their processing requirements during manufacture, 
the present researcher consolidated over 35 product types identified in the company into 
three product families based on the nature of processing requirements and their routings 
as: (a) Flat sheets, (b) Round products (both wide & narrow), and (c) Strip sheets. This 
consolidation into families was made by the author to reduce the level of complexity 
involved when later modelling multi-product manufacturing systems. ACM managers 
adopt a similar simplifying approach when they group products during the planning and 
execution of production operations. To fulfil customers’ orders and to keep the 
enterprise profitably running, two key processes must be executed namely (Ajaefobi 
and Weston 2006; Ajaefobi, Weston et al. 2006; Weston, Rahimifard et al. 2009): 
Tactical processes: comprising processes that are midterm and medium in scope and 
operations; including those that: 
 obtain and process customers’ orders; 
  store and manage production materials; 
 design and develop production processes; 
 introduce and engineer new products; and 
 maintain equipment and provide general operational support including 
health and safety. 
Operate processes: that are short term and of confined scope; including processes that: 
 plan, schedule and control production; 
 produce all products as scheduled to meet customers’ requirements; and 
 package and deliver completed products to respective customers. 
 
The identified processes were modelled in context using CIMOSA modelling constructs 
and formalisms. Figure 5-2 shows one of the CIMOSA conformant EM models made 
during this case study. 
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5.4 Step 3: Resource modelling  
Figure 5-3 shows further decomposition of figure 5-2 using the role-modelling concept. 
Groupings of related enterprise activities and or operations executed at specific work 
centres by people and their supporting machines and tools were considered in this study 
to constitute roles. Directed by the Managing Director (MD), the focus of the ACM case 
study is on one of the processes that comprise the ‘operate processes’; modelled as the 
‘make bearing products to order’ production process. It was observed by the ACM 
management, and later by the author, that while realising this process, the actions and 
behaviours of human operators vary significantly as they fulfil specific roles. Some of 
this variation was expected to result from the changing product dynamic that impact on 
ACM on a day-to-day basis 
 
Figure  5-2:Exemplary CIMOSA extended enterprise activities diagram for ACM 
Bearings Ltd 
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Figure  5-3: Roles identified in the raw materials processing shop 
Essentially the product types (comprising all three product families) come in different 
shapes and colours, requiring different processing times and in some cases significantly 
different human and machine competences to realize the processing they need.   
5.5 Step 4: Integration modelling: Process, Role Systems and 
Workload 
It also follows that the production system deployed by the case study enterprise can 
aptly be described as a multi-value stream production system. The author defines a 
multiple value stream production system as being: “a production system which adds 
value to two or more ‘distinctive work item flows’; by realizing necessary value added 
processing operations through an organized sharing of the (human and technical) 
resources available to that system.  The term ‘distinctive work item types’ has been 
chosen to explicitly indicate that to achieve value addition for the work item types under 
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consideration ‘significant differences’ in processing requirements will be necessary. 
Figure 5-4 is a conceptual illustration of a generic multi value stream production system 
depicting a particular process ‘A’ assigned to a resource system ‘A’ to realize products 
belonging to ‘A’ family, while figure 5-5 is the specific illustration from the case study 
production system integration modelling. It was observed that the case study enterprise 
has no written standard operating procedures thereby giving the operators the flexibility 
to prioritize their actions and work at their individual pace as they move along with the 
work items from one work centre to another. It follows that the competences and tacit 
knowledge of the operators significantly impact on the timeliness, quantity & quality of 
throughputs associated with specific operators. Consequently, data concerning the 
number of operators working in the raw material processing shop, their roles and their 
known competences were elicited and captured during the research held by MSI 
researchers.  
 
 
Figure  5-4: Conceptual illustration of a multi value production system 
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Figure  5-5:  Illustrative depiction of the case study enterprise as a multi value 
production system 
 
Product 
types 
Measured 
Cycle Time 
(CT) 
Available 
time 
(min) 
Time loss 
(min) 
Throughput/day Takt time 
(min) 
Flat 364 426 62 4 to 5 107 
Round-
Narrow 
402 426 24 13 33 
Strip sheet 292 426 134 4 107 
 
Table  5-1: Measured operation times for key product types 
The total operation times (i.e. total cycle times) for making different production 
materials in the processing shop were also measured by MSI researchers using Work 
Study principles. This is as referred in table 5-1.  
5.6 Step 5: Dynamic implementation of selected segments of 
the case study models via Simulation modelling 
Figure 5-6 is an illustrative description of how a process segment was selected for 
dynamic modelling (the detailed enterprise model is attached in appendix 2). DM5 is 
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the parent domain (called bearing manufacture domain), which was selected for 
dynamic modelling. This consists of four domain processes modelled as DP5.1 – DP5.4. 
Here, DP5.2 was selected amongst the four for detailed testing in the dynamic model 
(because this aligned with the MD of ACMs wishes). DP5.2 was observed to comprise 
three other lower level business processes modelled as BP5.21, BP5.22, and BP5.23 
representing sub processes that respectively produce materials for making round, flat 
and strip product types in the processing shop. At this level, BP5.22 was selected for 
dynamic modelling. BP5.22 consists of enterprise activities and functional operations, 
which are respective steps and actions needed to produce different flat product 
materials. Figure 5-7 shows a detailed description of activities and operations of 
BP5.22. 
 
Figure  5-6 Enterprise Modelling: from domain to enterprise  
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Figure  5-7: Flat sheet materials making activities and operation 
No Activities 
 
Op time 
(min) 
1.  Take Job 0 
2.  Setup bath 5 
3.  Collect cloth 6 
4.  Mount cloth on bath 20 
5.  Mount mandrel 4 
6.  Setup laminate table 23 
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7.  Collect, measure & mix chem 45 
8.  Wrap cloth 65 
9.  Cut cloth and squeeze chem 8 
10.  Transport mandrel to table 7 
11.  Create laminates 84 
12.  Wrap laminate with wax 13 
13.  Transport to press 28 
14.  Press laminate (automatic) 0 
15.  Monitor press operation 15 
16.  Remove laminates off press 4 
17.  Clean press 12 
18.  Clean bath 25 
 Total time 364 
Table  5-2: Flat sheet bearing ‘as-is’ production activities and operation time. 
The activities described in figure 5-7 were listed into table 5-2; which also records the 
average flat sheet bearing operation times observed during the time study when current 
operator assignments to work roles were made.  Therefore as shown in table 5-2, 
eighteen production activities or production operations need to be performed in order to 
complete a flat sheet bearing unit of work. Total time taken (in minutes) to produce one 
unit flat sheet bearing is therefore approximately 364 minutes, i.e. 6.06 hours. Three 
workers are normally assigned to these activities in the production line. The workers 
were all considered to be ‘experts’ as they are all trained and experienced. The process 
description and data described by table 5-2 was later used to developed simulation 
models of flat sheet processing in ACM; this enabled dynamic modelling of this section 
of ACM’s production systems and thereby could analyse impacts of changing 
configurations of the human systems used to resource the processing activities listed in 
table 5-2. 
Section 5.3 explained how ACM’s materials processing activities were decomposed into 
models of roles to which human systems can be assigned as role holders; so as to 
produce materials needed to realise the product types specified by customers.  
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Bearing in mind that ACM might wish to increase the value generation or reduce people 
costs in the raw materials section, the author proposed to use structural and behavioural 
models to describe and simulate (and thereby quantify) possible impacts of assigning 
different classes of operator to raw materials processing roles.  Hence it was proposed 
that role holders could be classified in three different categories based on their 
competency i.e. expert, practitioner and trainee. Following discussion with ACM 
personnel, for the purposes of this modelling study it was assumed operational 
differences between expert, practitioners and trainees could be usefully modelled in 
terms of the average processing times they require to produce units of material for 
bearing product. Here it was estimated that practitioner and trainees would likely 
require 20% and 40% respectively more time as compared to expert to complete raw 
materials processing roles they are assigned. It was foreseen therefore that the 
deployments of practitioners and trainees might lead to the built-up queues, WIP and 
long lead times but that their costs would be lower than the cost of experts. 
Therefore during later simulation modelling of ACM raw materials processing 
activities, when they are resourced by alternative human system configurations, it was 
presumed that ‘Experts’ would possess competencies that allow them to be able to 
produce 5 products per day, while ‘Practitioners’ would have reduced competencies 
allowing them to produce 3 products a day and ‘Trainees’ would have the lowest 
competency levels and be able to produce 1 product per day; see figure 5-8. Of course it 
was understood that over time, in an actual production situation, many human 
behavioural factors would impact on these ‘rates’ of working but as discussed elsewhere 
in this thesis the overall aim of this study was to produce useful models that necessarily 
would need to simplify, and hence approximate to the more complex reality being 
modelled.   
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Figure  5-8: Human resources competency modelling in ACM Bearings Ltd 
 
5.7 Step 6: Case Study SM developments and experiments 
When designing this study it was also planned that simulation modelling (SM) work to 
be conducted by the author and reported would comprise three different sets of 
experiments. The purpose of the first experiment was to validate the operation of a basic 
SM of ACMs raw material processing shop to be created by the author; so that 
sufficient confidence could be gained that the developed SM could replicate patterns of 
behaviour observed in the real material processing shop. This basic SM would simply 
model the current (or ‘as is’) flat sheet processing flow in ACM and encode current 
roles and human assignments to roles, without any attempt to model absence of 
personnel, delays in materials supply or so forth. Rather at this stage historical data 
about actual human resource system assignments to ‘as is’ descriptions of materials 
processing roles, would be used to ‘configure’ and ‘parameterise’ the SM so that the 
subject system behaviours could be observed and quantitatively measured with respect 
to selected performance criterion. When the model throughput and its time based 
behaviours reflected those of the real system, then it would be considered that the SM 
was sufficiently validated.  
The validated model of ACM’s raw material processing shop would then be run so that 
a number of exploratory simulation experiments could be conducted. The first sets of 
simulation experiments conducted would be to benchmark real system understandings 
in relation to selected performance measures, which included: ‘throughput’, ‘worker 
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competency’ and ‘workstation dynamics’. To enable the consideration of ways of 
improving the operation of ACM materials processing shop, those benchmarks would 
be referenced during subsequent simulation experiments. Thereby subsequent 
simulation experiments would enable possible future ‘to–be’ scenarios of human 
systems change to be conceived and tested with reference to the authors’ emerging and 
developing research ideas. 
One set of exploratory research ideas considered by the author when conducting 
simulation experiments for ACM was about ‘re-programming’ and ‘re-configuring’ 
human resource systems. Because people typically possess a range of competences (e.g. 
through learning & training), which they can bring to bear on different work and social 
situations, normally they can respond in timely and effective ways to certain changing 
scenarios of product realisation and their related work pattern change. But the ability of 
any given person to respond (or their ‘changeability’) will be limited; with different 
changeability limits being probable when significantly different workloads need to be 
processed by different combinations of ‘role requirements - role holders’. However 
where the change requirements of particular sets of work scenarios fall within already 
possessed work processing and changeability competencies of role holders, such that 
they can respond in timely and effective ways, without intervention by some other 
supervisory role holder (such as a production manager), this was viewed as being akin 
to deploying people as if they are a kind of ‘programmable machine’. Essentially 
therefore it was supposed in this study that people can self adapt within the envelope of 
their currently available competencies and thereby in the right circumstances can 
perform flexibly without intervention/supervision. Whereas without some form of 
artificial intelligence or higher-level intervention, automated machine systems may well 
perform less flexibly and/or require increased levels of intervention/supervision. 
However because the work processing abilities and changeability of people will be 
limited, some scenarios of product realisation and work load change will lie outside the 
changeability envelope of some configurations of product realising system, with their 
specific cases of role requirements and assigned (human or machine) role holders.  
Therefore it was supposed that where changes occur that are outside any possessed 
changeability envelope, a reconfiguration of the given product realisation system would 
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be necessary which would therefore require intervention/supervision by competent 
engineers and/or managers. Here also it was observed that such a reconfiguration could 
take the form of a structural (or architectural) change within one or all of the following 
sub-systems: (a) via a new decomposition of the product realising processes, into a new 
set of process–oriented roles, (b) via the assignment of a new set of human and machine 
systems, as holders of a defined set of process-oriented roles and (c) by changing the 
way that the work is organised, planned, scheduled and dispatched into the given 
product realising system. This set of embryo ideas about ‘reprogramming’ and 
‘reconfiguration’ formed a backcloth for the authors simulation work and a general 
enquiry about the potential use of her modelling methods to begin to clarify and 
quantify relative benefits of deploying human as opposed to automated machine 
systems (or indeed combinations of human and machine systems) given a well defined 
set of processing requirements and probably a less well defined set of forecasted or 
scheduled workloads. 
A reprogrammable system has previously been defined as ‘a system which has a degree 
of limited flexibility to cope with minimal process differences’ (Zihua and Weston 
2009). Similarly, ‘reconfiguration’ as used here implies cases whereby changes in 
human assignment to the roles are required through either changing structures that bind 
the roles or by reassigning concerned human resources to alternative roles. The 
underlying idea (of experimentally investigating these two types of re-deployment of 
human resources) is to be able to observe, reflect on and possibly predict (i) the likely 
impacts on performance that would result from such change types and (ii) to link this 
analysis to a consideration of the case (in terms of cost and time involved) with which 
these types of change can actually be made in the real system. For example an aim when 
so doing would be to be able to witness in the simulation the effects that such changes 
might have on the value generation, production costs and throughput when either 
manufacturing bearing products at different rates and/or when manufacturing different 
types of bearing product. 
A reprogrammable experiment was planned to be carried out in respect of the ACM raw 
materials processing shop by changing two types of variable; firstly by varying the 
incoming volume of workloads into the model and secondly by making changes to the 
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systems of people assigned as role holders (which by so doing the aim of changing this 
set type of variable was to mimic the broader range of possessed competencies and or 
capacities of the assigned human systems). Referring to figure 5-10, for this and other 
scenarios of study in the ACM raw materials processing shop, the arrangement of roles 
(to which role holders will be assigned) would be represented in the form of a screen 
shot by the Plant Simulation DES tool; namely as an ordered set of work centres i.e. 
WC1, WC2 etc. These workstations would represent the nature of the processing 
requirements; such as the sequence of activities that need to be resourced to produce 
materials when making flat bearing products. However, in this example it was 
understood that the operation time at each workstation would vary when flat-bearing 
product specifications change (i.e. change within the flat product family of product 
types with different dimensions, colour, etc). This was interpreted by the author as a 
case requiring ‘reprogramming of the workstation requirements’ and that this re-
programming could naturally be realised by suitably competent human resources 
assigned to each work station; hence that particular role holder would need to possess 
appropriate changeability competencies such as to recognise, react and realise the 
needed operation time changes. 
Consequently, role holders’ competency requirements were expected to change because 
during process change higher competence levels are required. This change in worker’s 
competency reflects a ‘flexibility’ of assigned operators or a ‘flexibility’ of persons that 
are engineering or managing the production environment which supports assigned 
operators. The test conducted for this experiment is discussed in experiment 2. 
On the other hand during a reconfigurable system experiment it would be presumed 
that it would be possible via some means to have an ability to change the configuration 
of roles and/or configuration of resources assigned to roles in response to more 
significant process changes (Zihua and Weston 2009). This was expected to include 
changes in human requirements (which directly affect human performance competency) 
and also human assignments to roles. In reconfigurable systems, it is assumed that 
throughput is affected by changing human performances (i.e. increased or reduced 
competency) and also by the structure of the systems of people e.g. whether they are 
deployed as individuals, teams or workgroups. Thus, the reconfiguration experiments in 
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the ACM case study needed to be designed to quantitatively assess the impacts of 
change in human organization structures as well as changes in human competency.  
5.7.1 Experiment 1: Validation  
The aim of experiment 1 was to replicate the actual case study production system 
behaviours and thereby to show that the simulation model can usefully represent the real 
system with sufficient accuracy (Zeigler, Praehoffer et al. 2000; Wiegand, Jeltsch et al. 
2003). In this case the ‘as-is’ experiment was performed to realise two objectives: (1) to 
input real data from the actual flat sheet making into the simulation view; and (2) to 
compare a selection of measured outputs of the real system with observed SM outputs.  
To be able to model the ‘as-is’ situation of flat sheet bearing production in a simulation 
environment, the author needed to make a number of key assumptions so that a useful 
but not overly complex model could be created. Firstly it was assumed that several 
similar activities can be grouped together into roles that could be attributed to work 
centres (WC) (i.e. WC1, WC2 etc); which can be represented and computer executed 
using standard simulation functions provided by the selected simulation modelling tool. 
These work centres would therefore define the roles (R) in any production line; to 
which assigned role holders (RH) with competencies to perform the production 
activities could also be attributed to each work centre. Based on this scheme of things, 
the WC’s needed for ACM flat sheet processing, and their attributed R’s and RH’s are 
listed in table 5-3. In table 5-3, along with the op time for the production activities 
which of course will be a function of the class of operator (expert, practitioner or 
trainee) assigned as RH. 
 No Activities 
 
Roles Role Holders 
(worker) 
Op time 
(min) 
WC1 1.  Take Job R.1.1 RH1 0 
2.  Setup bath R.1.1 RH1 5 
3.  Collect cloth R.1.1 RH1 6 
4.  Mount cloth on bath R.1.1 RH1 20 
5.  Mount mandrel R.1.1 RH2 4 
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6.  Setup laminate table R.1.2 RH2 23 
7.  Collect, measure & 
mix chem 
R.1.2 RH2 
45 
WC2 8.  Wrap cloth R.1.2 RH2 65 
WC3 9.  Cut cloth and squeeze 
chem 
R.1.3 RH3 
8 
10.  Transport mandrel to 
table 
R.1.3 RH3 
7 
WC4 11.  Create laminates R.1.4 RH3 84 
WC5 12.  Wrap laminate with 
wax 
R.1.5 RH3 
13 
13.  Transport to press R.1.5 RH3 28 
14.  Press laminate 
(automatic) 
R.1.5 RH3 
0 
WC6 15.  Monitor press 
operation 
R.1.6 RH3 
15 
16.  Remove laminates of 
press 
R.1.6 RH2 
4 
17.  Clean press R.1.6 RH2 12 
18.  Clean bath R.1.6 RH2 25 
Total time   364 
Table  5-3: Flat sheet bearing production activities, roles allocation and role holders 
Based on ideas encoded into table 5-3, the author developed a way of conceptualising 
groups of operations performed by operators (in this case for flat sheet bearing 
production) which could facilitate understandings about and the design of simulation 
models. Here the author had explicitly described the production activities via concepts 
(i.e. roles, role holders, work centres with op time from the actual ‘as-is’ data captured) 
as shown in table 5-2. By developing these concepts, the author enabled a systemisation 
of the modelling of some key structural aspects of simulation models of production 
systems which could later guide the design of, and understanding of results from, 
simulation experiments carried out in various types of production system; as portrayed 
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in figures 5-9 and 5-10. In this specific case, the conceptual model shown in figure 5-9 
includes six work centres in the flat sheet bearing production that operates in the 
production line together with their respective measured operation times. At each WC, 
roles are assigned and matched with their respective role holders. It is important here to 
note that these operation times can only be viewed as being indicative of times required 
to perform each role. These times will in general be operator dependent, i.e. they will 
depend on the competencies possessed by particular operators currently assigned to the 
roles concerned.  Also it was understood that operators can develop the levels at which 
they possess these competencies over time (such as via training or job experiences) and 
can if they are not properly managed decide, dependent on their levels of motivation 
and stress, when to bring their competencies fully to bear on the roles (and activities) to 
which they are assigned.  
The process-oriented roles derived from BP52.22 were modelled as: pre-bath 
operations, bath operations (wrapping), pre-laminate operations, laminate operations 
and post laminate operations.  In the ‘as is’ ACM raw material processing shop, three 
workers, who function in a team, fulfil these roles. The chronology of the processes is 
illustrated in figure 5-9. These roles and their associated operations executed at different 
work stations were then used as a reference for building simulation models (SMs).  
The model inputs are product variance (product X, Y, Z) and production volume 
variance (WL1 and Wl2). The end of the model is the output where the units of flat 
sheet bearing are completely produced. In this model, variables such as the throughput 
and lead-time are measured for the case study analysis. 
Figure  5-9: Conceptual operations for bearing products in ACM Bearing Ltd  
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Figure  5-10: Simulation model of case study 1- scenario flat sheet bearing 
The conceptual model is then mimicked into simulation modelling software -see figure 
5-10. A discrete event simulation (DES) tool, Technomatix Plant Simulation, was 
selected and used by the author to create a discrete event simulation model of the flat 
sheet bearing manufacture process; so as to explore the systems’ characteristics with a 
view to optimising its performance. The sequential structure encoded into the developed 
simulation model was determined by referring to the relevant CIMOSA activity diagram 
and the chronology of the process is as referred in figure 5-9. Figure 5-9 is reflected in 
SM models i.e. WC1, WC2, WC3, WC4, WC5 and WC6; see figure 5-10. These 
activities are represented in the simulation models by icons such as ‘single proc’ for 
single processes, ‘workplace’ for work place or worker at processes, ‘workpool’ for the 
place where all workers are gathered and assigned by a nominated supervisor known as 
a ‘broker’ (see Figure 5-10). Material flow in the model is initiated at the ‘source’ that is 
routed through sets of workstations i.e. ‘single procs’ that mimic the sets of real 
workstations in the activity diagram. The ‘Source’ produces moving units i.e. ‘MU’ that 
represents the materials that are moved from one workstation to another. In the 
workstations, variables such as processing time, set-up time, and recovery time can be 
entered. At ‘single proc’ workstation, value added activities are performed in a given 
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process time by the assigned ‘workers’. The ‘workers’ are assigned by their ‘broker’ i.e. 
supervisor to perform in the workstations. The ‘workers’ can be described by their 
‘competencies’, ‘competency levels’, that can be assigned to roles modelled as work 
centres.  Furthermore workers can be owned by single or multiple ‘workpools’, which 
can characterise their organisational ownerships within a given working context. Whilst 
the simulation is running, ‘MU’ or materials may enter a ‘buffer’ state where the 
movement of the ‘entity’ from any workstation to another workstation can be stopped 
due to work bottlenecks and/or other waiting periods, caused for example by lack of 
materials to be processed or unavailability of resources or tools.  
The process decomposition and its graphical models previously encoded into the EM 
defined processing routes are followed by flat sheet product workflows in the SMs. This 
routing defined the sequence of raw materials processing activities that needed to be 
performed on all products belonging to the flat sheet family along with connecting logic 
defining precedence relationships governing the flow of those activities. The SM 
designed to model the real ACM flat sheet making process is shown in figure 5-10. 
The validation exercise was carried out by using the Technomatix Plant Simulation 
modelling software to model the behaviours of current ACM sheet bearing roles and 
role holders; these roles were previously defined by Table 5-3. This table also shows the 
average operation processing times measured in respect of current operator assignments 
to roles, and this data was input as model parameters into the validation model.  The 
conceptual design of the validation experiment is illustrated by figure 5-11, which 
essentially models a configuration of roles and role holders normally deployed by ACM 
to process raw materials for all of its bearing products. This configuration also defines 
sequential relationships encoded by the validation simulation model, and had previously 
been encoded by, and derived from the ACM EM previously expressed in the form of 
figures 5-9 and 5-10. The model was then run under scenarios of constant workload (see 
figure 5-12).  
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Figure  5-11: Conceptual layout of validation modelling experiment 
Following this the same model with modified operation time data input to SM work 
centres was used to simulate the processing of other bearing products i.e. ‘round-narrow 
products’ and ‘strip sheet products’. These products share similar production activities 
with flat sheet bearing, however the op times are different than flat sheet bearing.  Once 
again the operation time data used during validation experiments was measured via time 
study; and constituted respective average operation times related to processing roles 
performed as a consequence of making ‘as is’ operator assignments to specific product 
type processing roles.  
The results obtained from the ‘as is’ (validation) simulation experiments were recorded 
into table 5-4. Each workstation was therefore attributed with a respective product 
specific operation time taken by a particular operator assigned to the role modelled by 
that workstation (refer to figure 5-11). Hence under conditions where there are no 
processing delays (because of factors such as lack of raw materials, or unavailable 
workstation tools, or operator absence) the total processing time taken to complete 
workstation 1 to workstation 6 operations (i.e. the total cycle time (TCT)) was as 
expected equal to the measured data during the actual research shown in table 5-2. The 
output of the simulation model i.e. production throughput was also measured and Table 
5-4 summarises the experimental results.  
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  Actual data ‘as-is’ Simulation model 
Product 
types 
Measured 
Cycle Time 
(CT) (min) 
Throughput/
day 
Measured 
Cycle Time 
(CT) (min) 
Throughput/
day 
Flat 364 4 364 4.1 
Round-
Narrow 
402 13 402 12.9 
Strip sheet 292 4 292 4.1 
 
Table  5-4: Validation of experiment results: validation model data against actual data 
From the results in table 5-4, it was assumed that the basic SM of AC’s bearing 
production was validated; as the throughput of the experiment matched measured ‘as-is’ 
throughput data, given that a constant workload is input to the real system and the 
simulation model (as described by figure 5-12). The throughput of all three major ACM 
product types i.e. flat, strip sheet and round-narrow were found to be consistent with 
their ‘as-is’ throughput respectively. This simulation model of the ‘as-is’ raw material 
processing system was then used as the basic SM that could be systematically modified 
for following ACM material processing SM experiments.  
 
Figure  5-12: Workload input screenshot in Technomatix Plant Simulation Modelling 
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5.7.2  Experiment 2: Reprogramming human systems 
The purpose of this ‘to-be’ experiment was to observe the behaviours of deployed 
human systems and hence the impact of such behaviours on the performance of the 
production system when workloads change. Experiment 2 was realised by taking the 
following steps: 
1. The same model (i.e. the ‘as-is’ SM designed for experiment 1) was re-used 
during this experiment. Table 5-6 defines the human resource assignments made 
for these experiments; and the human configuration is changed from ‘as-is’ SM 
model for this experiment 2 and this is shown in table 5-7. In this experiment, 
eight different sets of workloads i.e. WL1 to WL8 were input to the SM. By 
changing the workloads in this experiment the main purpose was to quantify the 
performance of the production system, and its configured human system, which 
would provide a measure of the ability of the deployed human resource system 
to cope with a well-defined envelope of workload change. In this ACM case 
study the envelope chosen only covered changes in the rate at which products 
are input to the production system; whereas in later case studies reported in 
chapters 6 and 7 of this thesis similar types of programmability experiments 
were conducted. 
2. The envelope of workloads chosen for experiment 2 is described by table 5-5. A 
conceptual model of this experiment is shown in figure 5-11. The human 
assignments attributed to the work centres are shown in table 5-6 and the 
reprogrammable experiment set-up and human configuration are described in 
table 5-7. 
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Workload Qty 
1 5 
2 10 
3 20 
4 50 
5 100 
6 500 
7 1000 
8 10000 
 
Table  5-5 : Workload 1, 2, 3, 4, 5, 6, 7 and 8 
It was presumed, but the effects needed to be verified and quantified, that a less 
competent operator (or group of operators) would require the consumption of additional 
product realising time or effort (such as time spending while a worker thinks about what 
to do and/or actions a change-over routine). 
No Resources 
(Role holder) 
Process Oriented roles Workcentres 
(WC) 
1. 	 Resource1(RH1) Role: R.1.1, R 1.2  
and R1.5 
WC1 
2. 	 Resource2(RH2) Role: R1.2, R.1.3 and 
R1.4 
WC2, WC6 
3. 	 Resource3(RH3) Role: R1.3 and R1.4 WC3,WC4, 
WC5,WC6 
Table  5-6: Human resource assignment  
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No Experiment Role holders (RH) Workload type 
Trainee Practitioner Expert
2.1 PV1T1 RH1 RH2, RH3  WL1, WL2,WL3,WL4 
WL5,WL6,WL7, WL8 
Table  5-7: Reprogrammable human configuration and simulation experiment set-up 
3. The scenarios in experiment 2.1 were simulated in simulation modelling. As said 
earlier, the human configuration is as referred in table 5-7. The input workload is as 
described in table 5-5. The production system output i.e. production lead-time and 
throughput was measured. The results of experiment 2 are described in section 5.7. 
During experiment 2, the author also conceptually modelled the competencies that 
needed to be possessed by the role holders operating in the flat sheet bearing 
production system and these are referred to in table 5-8. Here the competencies of 
the workers (modelled as FE’s) are matched and assigned to specific role holders at 
each work centre i.e. RH1, RH2, RH3. 
RH No Functional competency Worker’s 
assigned FE no Competency 
1, 2 FE1 Set-up and prepare job A, B 
2 FE2 Wrap cloth B 
3 FE3 Cutting cloth, squeeze 
chemical and move mandrel 
C 
3 FE4 Create laminate C 
3 FE5 Wrap laminate/ press laminate C 
2,3 FE6 Cleaning press and bath B, C 
Table  5-8: Worker’s Competencies modelling 
5.7.3 Experiment 3: Reconfigurable human systems 
The aim of this ‘to-be’ experiment is to better understand and predict the behaviours of 
human systems, and resultant impacts of their structural configuration on production 
system performance.  
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As discussed previously, in the context of this research enquiry it has been assumed that 
manufacturing system re-configuration can be achieved in one or all of three main 
ways, namely by changing:  
 the way that required processing operations are decomposed into roles; 
 the way in which human systems are assigned as role holders; 
 or via some form of work sub-system re-organisation. 
In this experiment 3 the focus of attention was only on changing the way in which 
human resources are assigned to a previously defined set of raw materials processing 
roles. So the objective set was to investigate impacts of changing ways in which 
workers are assigned to roles: so as to quantitatively predict the impact that such a 
change makes with respect to value-adding operations (I) at specific work centres and 
(II) on the complete raw materials section of ACM, when viewed holistically as a single 
organisational unit. The process-oriented structure of the SM was retained but the 
workers were now assigned to work roles in an alternative way, namely where changed 
sets of operators were assigned to fixed roles; so as to form different human resource 
configurations than in experiment 2. 
Table 5-9 depicts the human configuration adopted in this experiment. Key parameters 
of the experiment are shown in table 5-9. This experiment was designed to test the 
dynamics of the flat sheet bearing production system, by changing competencies 
possessed by the role holders. Table 5-5 depicts the incoming input workloads entering 
the production processes. The processing shop configurations were simulated, and the 
input scenario for this set of experiments, was as defined by figure 5-11. 
No Experiment Role holders (RH) Workload type 
Trainee Practitioner Expert
3.1 RV1T2 RH1  RH2, 
RH3 
WL1, WL2,WL3, WL4 
WL5,WL6,WL7, WL8 
Table  5-9: Reconfigurable human set-up and simulation experiment set-up 
Chapter 5: Case study 1 
 
Siti Nurhaida Khalil 116 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
5.8 Results and Analysis: Experiment 2 and 3 
The results for experiment 2.1 and 3.1 are recorded in table 5-10 and table 5-11 
respectively. From the results captured, the author has also calculated the production 
value/ cost value of the simulation model results.  
The calculation was made based on the assumptions outlined below: 
Production Values (Generated)/ (Human Resource Operating) Cost = PV/C 
Further assumptions made when evaluating this ratio were: 
Product Values Generated per day, (PV) =  (Quantity produced per day) X (price of 1 
product)                                                    
       = Throughput/ day X £F 
Cost of different per person types per day, (C) = (Relative cost of role holder’s type) X    
       (base cost per person per day, £J) 
It is assumed that the relative costs of role holders’ types are: expert 1.5, practitioner 1.2 
and trainee 1.0. Thus the daily cost for expert, practitioner and trainee persons are as 
follows: 
Expert cost per day = 1.5 X £J 
Practitioner cost per day = 1.2 X £J 
And Trainee cost per day = 1.0 X £J 
Therefore,  
PV/C = (Throughput/day X £F)/ (Cost of human resource/s involved in the production 
per day X £J) 
It is assumed in this case study that 
F= £300.00 
J= £45.00 
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Therefore PV/C for experiment 2.1 is 
=  
 
and PV/C for experiment 3.1 is  
 
= 
PV/C values for both experiments 2.1 and 3.1 were calculated via an MS Excel 
spreadsheet and tabulated; see tables 5-10 and 5-11 respectively. 
Workload Throughput/day Lead time 
(hours) 
Production 
value/cost 
1 2 3.38 1.96 
2 4 4.29 3.92 
3 4 4.42 3.92 
4 4.25 5.26 4.17 
5 4.33 5.23 4.25 
6 4.33 5.20 4.25 
7 4.33 5.20 4.25 
8 4.33 5.20 4.25 
Table  5-10: Experiment 2.1 results  
 
 
 
 
 
 
 
 
 
Throughput x £300 
2 x Trainee x £45 + 4(practitioner x £45) 
Throughput x £300 
2 x Trainee x £45 + 4(expert x £45) 
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Workload Throughput/day Lead time 
(hours) 
Production 
value/cost 
1 5 1.19 4.90 
2 10 1.45 9.80 
3 13 2.02 12.75 
4 10.3 2.11 10.10 
5 10.5 2.20 10.29 
6 10.3 2.21 10.10 
7 10.5 2.20 10.29 
8 10.5 2.20 10.29 
 
Table  5-11: Experiment 3.1 results  
The results data i.e. lead-time and production value/cost were also plotted in MS excel 
spreadsheet. The graphs obtained for experiment 2.1 are shown in figure 5-13 and 5-14 
and graphs for experiment 3.1 are shown in figures 5-15 and 5-16. Also respective 
dynamic charts for the two experiments, generated by the simulation tool for each WC, 
are shown in figures 5-17 and 5-18. 
 
Figure  5-13: Lead-time graph for experiment 2.1 
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Figure  5-14: Production cost/value graph for experiment 2.1 
 
Figure  5-15: Lead-time graph for experiment 3.1 
 
 
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
0 2 4 6 8 10
Pr
od
uc
tio
n v
al
ue
/c
os
t
Workloads
Production value/cost
Production value/cost
0
0.5
1
1.5
2
2.5
0 2 4 6 8 10
Le
ad
  ti
m
e
Workloads
Lead time (hours)
Lead time (hours)
Chapter 5: Case study 1 
 
Siti Nurhaida Khalil 120 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
 
Figure  5-16: Production cost/value graph for experiment 3.1 
 
Figure  5-17: Simulation dynamics at workstations for WL1 
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Figure  5-18: Simulation dynamics at workstations for WL8 
5.9 Observations   
The results of simulation experiments 2 and 3 were compared and the outcomes of that 
comparison are discussed in this section. During both sets of experiments, essentially 
two types of experimental variable were manipulated, namely: (i) change in workloads 
(which in this case study was restricted to change in the rate at which work items are 
input into models); and (ii) change in human system configuration, where one kind of 
change in human system assignment studied was akin to production systems 
reprogramming (in a similar manner to that observed in the actual raw materials 
processing section of ACM) while the other human resource assignment method was 
viewed as being one kind of production system reconfiguration (in a similar fashion to a 
method under consideration by ACM management).  
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In the reprogrammable human system experiment, it was observed that the dynamics of 
the subject ACM production system is clearly affected by workload variations. The 
experiments showed that workers could usefully be reprogrammed (such as through 
training) to cope with significant variations in workload (in the form of a change in the 
rate of incoming work) and product variance (which requires an assigned operator to 
perform alternative sets of tasks on different product types). It was observed for 
instance that the level of competencies possessed by workers (as a consequence of their 
previous ‘programming’) directly governed the rate at which an individual operator can 
perform tasks assigned to them (i.e. can cope with a volume dynamic) and that this will 
place limits on their performance, and will likely directly affect the performance of 
related workers in a given production system. In the reconfigurable experiment 3, it was 
observed that dynamics of ACM production systems is also affected by the human 
reconfiguration. The reconfigurable simulation experiments performed in ACM 
illustrated by way of example how the effects of competencies and competency levels 
possessed affect the ability of a production system to cope with a volume dynamic, and 
given good time study data it was observed that this facet of human systems 
programmability could be quantitatively analysed to facilitate run-time supervision 
and/or planning of production operations. 
However mainly because of a lack of sufficient company access and time study data, the 
author decided not to explore further the impacts of ACM product variance; i.e. arising 
from different product types and or different product families.  
The simulation models throughput value that was captured in the experiments was used 
to calculate production value/cost for further analysis. The production values/cost and 
lead-time was plotted (see figure 5-14 and 5-16), from these graphs it can be observed 
that the behaviour of the production system becomes stagnant starting from workload 
no 5 i.e. when the qty is 100. The same behaviour was observed in lead-time graphs 
for experiments 2.1 and 3.1. The dynamic charts (figure 5-13 and 5-15) for WL1 and 
WL8 were compared and usefully described the prime bottleneck roles (and their 
constituent activities) for each experiment. These described the dynamic behaviour of 
each work centre and were assumed to be able to provide quantitative indication to 
production engineers, supervisors, production planners etc when they choose which 
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human assignment should be made to achieve desirable production targets and 
productivity. 
From these results the author concluded that the impacts of human resource assignment 
and its effects on production throughput can be quantitatively predicted assuming (1) an 
ability to collect, update and store data on worker competencies and performance levels 
related to specified competency types and (2) that in any subject production system 
modelled,  the primary research assumptions made in this study could be applied. 
Overall it was observed that the human resource assignments made in experiment 3.1 
yielded better throughout those human assignments in experiment 2.1; mainly because 
in experiment 3.1 the workers were highly skilled operators when compared to their 
counterparts in experiment 2.1. But of course the experiment 3.1 assignments would 
increase the payroll costs of ACM. However, this preliminary exploratory study of 
modelling human systems, by quantitatively simulating and observing 
interdependencies between human competencies, product variance and production 
workloads variables was encouraging, but clearly this needed further exploratory 
investigation. Further exploration of the modelling approach is therefore studied in two 
further case companies and study methods; outcomes and results are further discussed 
in chapters 6 and 7. 
5.10 Usefulness of proposed integrated methodology 
In conclusion, the simulation experiments were found to be able to usefully predict the 
effectiveness of subject groups of people assigned to specific enterprise activities; 
thereby quantifying impacts of deploying human resources in different ways. However 
the usefulness of the results would depend heavily on the quality of the human resource 
data obtained and knowledge of the physical and logical phenomena that link system 
variables. Results obtained for both experimental uses of the, so-called programmable 
and re-configurable, SMs show that bottlenecks changed as the input rate of work items 
to the production system are varied.  
The reported research and experimental results have also shown that the simulation 
modelling approach researched can build upon information previously encoded by static 
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models represented in the form of CIMOSA activity diagrams. The overall modelling 
approach shown to enable the reuse of explicitly modelled understandings about ME 
structures (expressed in the form of sequential models of enterprise activities and their 
decompositions into roles) so as to underpin the dynamic modelling of alternative 
configurations of product realising systems; which by using ideas explored in this 
research can include system aspects related to human system dynamics. Therefore in 
combination, structural and behavioural models can be used at different levels of 
modelling abstraction to predict impacts on the overall performance of manufacturing 
enterprise, including predicting consequences of product variance and volume dynamic. 
Use of alternative SMs and scenarios of experimental input was shown to enable an 
analysis of particular process segments of ME’s. Several candidate behaviours were 
modelled by changing the resources assigned to work centre roles. Also, it was observed 
that in combination the use of EM and SM models enables the re-design and computer 
execution of possible ‘to be’ human system configurations and their behaviours. 
Apparently therefore the modelling method explored in outline, and experimentally 
tested and described in this chapter, can lend support to the design or re-design of 
manufacturing systems, such as during new product development or during the 
enhancement of existing production systems. 
5.11  Concluding remarks 
This case company research mapped the processes currently realised in the company by 
applying an enterprise modelling method, which is based on a systematic and extended 
application of state of the art CIMOSA modelling concepts. To be able to capture the 
dynamic behaviour of ‘as-is’ processes, structural relationships encoded by the static 
models (created via CIMOSA modelling) were translated into equivalent simulation 
model structures, which in this study were implemented using a proprietary software 
tool, namely Technomatix Plant Simulation®.  In this chapter the simulation models 
created via this method were used for an exploratory testing of two different human 
system configuration concepts (referred to as programmable and reconfigurable) 
thereby enabling the development of ‘to-be’ SMs.  
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6 Chapter 6: Case study 2- Deployment of modelling method 2 
(MM2) to model human systems in lean cells in ARTFORM 
International Ltd 
Case study 1 illustrated a use of the CIMOSA enterprise modelling technique in 
conjunction with SMs to model an ‘as-is’ production system scenario involving the 
manufacture of bearing products. This case study enabled the author to conduct early 
exploratory research into aspects of production systems design and change and helped 
gain some new insights into programming and reconfiguring human systems. In this 
case study 2, the same modelling method is further tested in a different production 
system scenario; where focus of attention is on designing and changing human systems 
capable of coping with significant product volume dynamics in assembly cells that 
achieve Lean operations. Also the Lean operations were compared to another type of 
configuration in this case study i.e. Batch Assembly operation. 
6.1 Case study 2: Introduction 
ARTFORM International Ltd was founded in 1968 as a small-scale ‘moulded-parts 
manufacturing’ company. It has grown to become a specialist in the design and 
manufacture of quality, three-dimensional point-of-purchase (POP) and shop 
equipment, with two major manufacturing bases located in Loughborough and 
Shepshed. Almost 50% of ARTFORM’s finished products are exported to about 40 
countries located around the globe. Major clients include Boots and Superdrug Ltd. 
Their products also support the sale of global brands like Nike, L’Oreal, Walkers, Polo 
Sport and The Times. ARTFORM’s major competitor is Diam Company Ltd, which is 
also located in Loughborough, UK. There are however other relatively small 
competitors overseas. ARTFORM Ltd is a £35million company with £3.8million held 
in work in process inventory, which is a huge amount that could be used for better 
purposes. ARTFORM recently become owned by IMI PLCO. IMI is a dynamic, 
worldwide company delivering innovative engineering solutions to leading global 
customers in clearly defined niche markets. IMI businesses share a common goal - to 
convert their industry knowledge and market insight into customised, design-engineered 
solutions, which create customer advantage and value. 
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Figure  6-1 :  ARTFORM top level organisational chart  
The company is basically led by a Managing Director and six other directors. The 
company’s organisational chart is shown in figure 6-1.  
ARTFORM has five departments which fulfil several functions as follows: 
i. Sales Department: Responsible for sales in current product markets 
ii. Marketing Department: Concerned with the development of New Business 
iii. Design Department: A studio responsible for prototype graphics/art-work. 
iv. Engineering Department: Responsible for planning and managing Mechanical 
Assembly, Electrical Assembly, QC, Transport & Despatch, Maintenance and IT. 
v. Finance department: Responsible for company finance and accounts 
vi. Production Operations Department: including operations in the Wood shop, 
Spraying unit, Tool room, Mould shop & Tool stores, Spares, Screen shop, Vac 
forming section, Stores and Purchasing. 
Generally the marketing team identifies and analyses new markets for the company 
through regular contact with old and new customers. This is done through emails, faxes 
and internet adverts. When customers are established the sales team continues the 
process by formalising the requirements of their clients, both new and old. This results 
in the creation of sale orders that lead to the development of kit lists and bills of 
materials. An independent planning department does not exist in the company, but 
planning is integrated with the mainstream activities of each department. This is 
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manually achieved through the development of weekly or monthly job schedules in the 
form of spreadsheets detailing jobs required and expected delivery dates.  
Work orders and production documents are routed to the assembly floor and the 
respective manufacturing sections. Some of the orders require only sub assemblies to be 
produced for end customers whilst a significantly larger percentage of orders require a 
full assembly of products. The accounts department prepares invoice and delivery 
documents. These documents together with the physical products are shipped to the 
customers. A process flow diagram illustrating the general flow of (customer orders, 
designs, works orders, parts and) products through various operations in the company is 
shown in figure 6-2.  
 
 
Figure  6-2:  Generic closed-loop of ARTFORM operations.  
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6.2 Assembly work in ARTFORM  
ARTFORM plans assembly operations, with a view to satisfying on time, purchase 
orders passed to the production department. Prior to this study, all assembly operations 
in ARTFORM were carried out using so-called batch assembly method. This means that 
normally in ARTFORM, batch assembly operations are carried out in parallel 
workstations with a batch of final assemblies being produced more or less at the same 
time. Bearing in mind certain assembly precedence constraints (and rules), this allows 
operators to assemble a batch of all ‘similar components’ into a batch of products 
belonging to a common customer order; i.e. one by one, new groups of similar 
components are assembled into a product until batches of final assemblies have been 
produced. This kind of batch assembly operation typically leads to shorter assembly 
times (than would be the case if individual products are assembled one at a time) but 
generally ARTFORMs batch assembly approach leads to greater WIP and occupies 
more floor space.  
When the author’s case study 2 commenced, ARTFORM managers were concerned that 
the batch assembly area was not performing effectively and this was thought to be due 
to: 
 Significant workstation set-up delays: where the layout is not flexible; 
 Long pauses during assembly processing, due to insufficient or late supply of 
parts; and  
 Non-standard process operations leading to breakdown and significant re-work 
The assembly work was not being timed so that estimates of the time taken for 
assembling individual components and overall product units were based on supervisor’s 
experience/estimation i.e. no quantitative analysis and operation times were being used 
such as during operations planning.  
Due to these problems a newly formed ‘production lean team’ was commissioned to 
introduce so called ‘lean cells’ which ARTFORM hoped could perform more 
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effectively whilst being more flexible and agile in order to facilitate different kinds of 
change in ARTFORM assembly systems.  
Hence in this case study 2 the researcher decided to use her modelling methods and 
actual production scenarios and data to compare behaviours of human systems used to 
resource selected assembly line operations conducted in both batch assembly lines and 
lean assembly cells. 
6.3  Process classification based on grouping of ARTFORM 
Ltd operations 
Based on a study of all product realising operations in ARTFORM, it was decided to 
conceptually segregate ARTFORM business processes into three categories. These were 
1) obtain order; 2) fulfil order and 3) manage fulfil order processes (Vinodrai Pandya, 
Karlsson et al. 1997). The ‘obtain order phase’ refers to all processes (and activities) 
involved in acquiring and confirming orders from customers/clients. This is more 
concentrated on the front-end activities of the company. Typically it includes the major 
activities performed by the sales and marketing teams. The order fulfilment class of 
processes refers to all value adding processes and activities that are directly related to a 
specific order and requires transforming the order to finished goods meeting customer 
requirements. These processes and activities include pre-order designing, actual product 
design and development (including moulds development), and all the actual production 
processes like printing, moulding, vacforming, wood working, finishing, assembly and 
packing. The third class of processes identified was related to all the supervisory and 
managerial activities required to fulfil customer orders. This third process class includes 
processes and activities related to planning and scheduling, managing different process 
domains (like design, development, printing, moulding, vacforming, wood working, 
purchasing, inventory and supply chain management), human resource management, 
and information and quality assurance. Figure 6-3 conceptualises how these process 
classes inter-relate with each other while describing the activities and operations, which 
fall into various process classes. 
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Figure  6-3: Process classes at ARTFORM International Ltd. 
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6.4 Step 1: Enterprise model for ARTFORM Ltd 
To explicitly describe the processes realised by ARTFORM an Enterprise Model of 
ARTFORM was created by the author in conjunction with a team of three fellow PhD 
students. The creation of this EM corresponded to the first modelling step of the 
author’s modelling methodology. Here focus of attention was on detailing the processes 
used by ARTFORM to ‘manage and produce products to meet customer order’. The 
context diagram created to describe this set of processes is shown in figure 6-4: 
 
Figure  6-4: ARTFORM Top Level Context Diagram 
In figure 6-4, three of the domains are ‘internal’ functional areas of the ARTFORM 
enterprise, namely DM3 (front end business), DM4 (produce and deliver products) and 
DM5 (business management). The other processes included in figure 6-4 were not 
modelled in any detail and were considered therefore to be non-CIMOSA domains. 
Essentially non-CIMOSA domains were excluded from this case study modelling and 
analysis. DPs (i.e. domain processes that are realised by each domain) were 
decomposed into ordered sets of processes designated as business processes (BP). 
CIMOSA Enterprise Modelling formalisms also enabled ARTFORM’s BPs to be 
further decomposed into ordered sets of activities which at the lowest level of modelling 
abstraction comprise so called enterprise activities (EAs). EAs describe atomic ‘units of 
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activity’; which can be linked to descriptions of functional operations (FOs) during the 
conceptual design of enterprise systems. FO’s are resourced by functional entities (FEs) 
when realising the activities (Vernadat 1996).  Thus EA’s are mapped onto functional 
operations that are realised by candidate resource systems. The author decided as part of 
human system modelling research to develop the use of the above mention modelling 
constructs to create models of resource systems which could be explicitly and flexibly 
linked to any parent CIMOSA EM. 
6.5 Step 2: Product classification and work organisation 
To recap: ’graphical and static models’ of ARTFORM processes were created by the 
author in conformance with the first step of her modelling methodology. This used 
CIMOSA modelling constructs and formalisms (i.e. its domain, DP, BP, EA, FE and 
FO modelling principles), diagramming templates, and various improved CIMOSA 
modelling representations previously proposed and case tested by MSI researchers 
(Monfared and Weston 2000; Agyapong-Kodua 2006; Ajaefobi, Weston et al. 2006; 
Weston, Zhen et al. 2006; Khalil, Weston et al. 2009; Ding 2010).  
Thereby ARTFORM processes were explicitly modelled as a set of:  
 Context Diagrams that models ARTFORM domains, and ARTFORM’s supply 
chain partner domains, so as to provide an explicit description of the business 
content of subsequent more detailed models; 
 Interaction Diagrams showing interacting DPs in ARTFORM domains and sub-
domains; 
 Structure Diagrams depicting the structural decomposition of BPs into more 
elemental activities (so called Enterprise Activities or EA’s); and 
 Activity Diagrams detailing the various sequential ordering of DPs, BPs and 
EAs. 
The models and templates so created were validated by the ARTFORM management 
and were deemed by them to usefully represent the actual processes realised by the 
company. These models portray the ‘relatively enduring’ (i.e. static) relationships 
between various entities in the enterprise. Appendix 3 presents a relevant selection of 
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populated CIMOSA modelling templates developed for this case study. As discussed 
earlier in this thesis, although these models encode a ‘big picture’ of any subject ME 
because they do not encode time dependent states of the processes modelled they are 
unable to support prediction about behavioural outcomes when dynamic change occurs 
in the enterprise.  
 
Figure  6-5: Process based product segmentation 
At the next stage of modelling the products in the ARTFORM Company were grouped 
based on similarity of their processing needs during product realisation. This kind of 
modelling simplification was adopted because the overall perspective of modelling by 
the researcher was one of process-based modelling. Essentially developing this process-
based classification of ARTFORM products constituted the second stage of her 
modelling methodology. While the third stage would be to conceptually design fit for 
purpose simulation models based upon well-structured knowledge and data explicitly 
encoded into the EM and product classes created in respect of ARTFORM. The product 
classification/segmentation developed for ARTFORM is shown in figure 6-5. 
From figure 6-5, it can be observed that the products realised by the ARTFORM 
Company vary in their processing because to meet particular customer demands they 
require distinctive shapes (i.e. different designs and rerun orders updates), types (unit, 
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kits), brands (tobacco, cosmetics), and the nature of their contracts (rerun, one off). The 
product types that run through the assembly lines require different processing times and 
also different resource competences. Thus the term multiple value production systems 
best describes the make and assembly systems used in the case study company. A 
conceptual illustration of multiple value production system was introduced in the 
previous chapter 5; see figures 5-4 and 5-5.  There are no written standard operating 
procedures in ARTFORM, however before any assembly work, the operators are 
briefed and trained at their respective workstations so that they are aware of the 
processes involved during the assembly time. The operators also perform quality 
assurance checking whilst performing assembly work. It was also observed that after 
several rounds of assembly work, the competences of the operators enhanced and 
significantly impacted the timeliness, quantity and quality of throughput.  
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Figure  6-6: Exemplary CIMOSA extended enterprise modelling for assembly process of 
the lean cells 
6.6 Step 3: Resource modelling  
To enable the modelling of flows of different product types through ARTFORM make 
and assembly systems, the author developed her use of role modelling concepts. Again 
following the author’s modelling methodology, related enterprise activities were 
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grouped together to form explicitly defined roles that can be attributed to specific work 
centres within ARTFORM production systems. Hence the operations that need to be 
performed (by an assigned resource system as role holder) as a cognate role at each 
work centre will be explicitly defined by the sequence of activities derived from the 
parent EM. Therefore candidate human and resource systems that possess the 
competencies and capabilities needed to perform the work centre operations also need 
to be specified and attributed to work centres.  Within these schema distinctive 
operations, processing routes and competency requirements for different product types 
can therefore be explicitly encoded. Encoding and related data tables, can then be input 
as parameters of subsequent work station building blocks when simulation models are 
conceptually designed and implemented.   
Advised by ARTFORM managers, the research focus in this case study was on the 
fulfilment order process; which includes two processes i.e. ‘tactical’ and ‘operate’ 
processes needed respectively to manage and fulfil customer orders. In the remainder of 
this thesis chapter however, the prime focus of investigation is on modelling operate 
processes, and more particularly on modelling assembly operations performed in 
ARTFORM’s lean cells. The company’s process improvement team had just designed 
and installed the lean cells for proof of concept testing. This had been primarily with an 
aim to reduce WIP and inventory levels, relative to the use of conventional assembly 
lines. Figure 6-7 describes the process structure of the lean cell introduced into 
ARTFORM Ltd during 2008-2009. 
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Figure  6-7: Roles identified in the assembly shop for lean cells and batch assembly  
Roles R 4.1 to R 4.6 and their embedded Functional Operations (FOs) were defined and 
attributed to six work centres which had been incorporated into XYZs lean cells. These 
attributions were conceptualised in the manner shown in figure 6-7. In a similar 
diagrammatic way the roles carried out in batch assembly lines, namely R1.1, R1.2, 
R1.3 and R1.4, were also explicitly defined. Essentially these definitions documented 
standard operating procedures (SOPs); although prior to that ARTFORM had not 
formally documented the assembly activities performed by their operators. Rather 
product drawings and related pictures of assembly sequences were interpreted by line 
supervisors into the form of a ‘job decomposition/sequencing’ which is relayed as a set 
of job instructions to line operators; who would then repetitively carry out those 
instructions for batches of products related to each customer order, possibly working 
more quickly towards the end of a batch because of the experience gained. 
However because of product variations, each type of ‘Point Of Purchase’ (POP) product 
assembled needs a specialist version of the (SOPs) conceptualised by Figure 6-7. But 
normally the specialism involved does not constitute a significant variation from the 
SOP’s attributed to work centres (or work steps in the case of batch build lines). 
Normally these variations take the form of minor route differences and/or distinctive 
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operations times that can be handled by trained (or programmed) operators; in 
ARTFORM informed by engineering drawings, the supervisors carry this training out 
when the cell is set up for new jobs.   
Therefore the actual lean cells are designed to comprise six separately located 
workstations at which different tasks are performed to assemble each POP unit; while 
the models of the lean cells developed by the author reflected the reality in these 
respects. On the other hand batch assembly lines are designed so that POP units remain 
stationary, so that the operators move between POP units, normally assembling one 
kind of component into all POP units positioned into the batch assembly line.  
It was estimated by the process improvement team in ARTFORM that the cycle time at 
each lean cell workstation should be 23 minutes. Hence a maximum total cycle time of 
138 minutes had been estimated to complete one POP unit in the lean cells. By contrast, 
according to production manager of ARTFORM Ltd, an estimate of the corresponding 
time taken when using the batch assembly method to complete one unit is 
approximately 360 minutes. Table 6-1 and 6-2 lists operation times in both lean cells 
and batch assembly. 
No Activities 
 
Op time 
(min) 
Lean cell 1 Carcass assembly 43 
Lean cell 2 Electrical wiring and assembly 16 
Lean cell 3 Component assembly 1 28 
Lean cell 4 Component assembly 2 15 
Lean cell 5 Component assembly 3 14 
Lean cell 6 Checking and final inspection/testing 8 
Throughput /day 
= 2 Total TCT 124 
Table  6-1: Lean cells roles allocation and operation time 
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No. Activities Op time 
(min) 
Assembly 1 Assembly POP 360 
Throughput/day = 
1.2 Total TCT 360 
 
Table  6-2: Batch assembly roles allocation and operation time 
For the purposes of carrying out simulation experiments, once again the author 
classified operators (or workers) on the batch lines or in the cells into three categories 
i.e. ‘expert’, ‘practitioner’ and ‘trainee’.  
 
Figure  6-8: Human resources competency modelling in ARTFORM Ltd assembly floor. 
As indicated by figure 6-8, an expert was assumed to be able to assemble 3 products a 
day, while a practitioner and a trainee are assumed to be able to assemble 2 and 1 
products a day respectively. Of course these assumed times may not closely reflect the 
reality but more accurate times can be establish when required. 
6.7 Step 4: Integration modelling: Process, Role Systems and 
Workload and introduction of MM2 
As described in respect of the previous case study, to maintain its simplicity and 
scalability the ARTFORM Enterprise Model can only represent relatively enduring 
enterprise structures. None the less the ARTFORM EM explicitly documented the 
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network of processes used by the company, and this network could (via use of the 
author’s modelling approach) be decomposed into role derivatives that must be played 
by human and machine resources. Additionally, the ARTFORM EM usefully provided a 
‘big picture’ or framework, which was used to visually portray enterprise value streams 
and discuss their flows with ARTFORM managers and engineers. Also as illustrated in 
chapter 5, these static models can be used to develop conceptual designs of SMs and 
can help to visualize qualitative thinking about changing structural relationships and 
likely changing behaviours of production systems.  
It was therefore decided that these kinds of properties of EM could also be used in the 
case of ARTFORM to model its assembly lines and cells. However in this case study 
the author also aimed to investigate impacts on ARTFORM lean cells assembly and 
batch assembly lines of volume dynamic; i.e. impacts of multiple workloads and how 
this might impact in a need to change assembly roles and role holder competencies; and 
their matching to perform enterprise activities on a family of product types. Because 
ARTFORM produces many types of POP product it was hoped that this kind of study 
could be supported with appropriate plant data.  
Despite this new theme of study in Case study 2, the same concepts were re-applied in 
case study 1 leading to the conceptual design and experimental use of SMs that 
comprise three sub-systems namely: 
 Workloads: that captures job orders to be processed at the request of different 
customers. In the ARTFORM enterprise, workload was observed to be dynamic. 
It was also observed that changes in the workflow come as a result of customers’ 
requirement changes, which affects production orders with respect to product 
volumes and variances. For experimental purposes this change in workload was 
reflected as WL1 to WL8 in Table 6-8 where WL1 to WL8 were input into a 
common SM to investigate impacts of work load change. 
 Roles: are groupings of value adding operations realised by people and operation 
supporting technology.  
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 Role holders: are active resource systems that are assigned to and perform 
identified roles e.g. people, machines or people supported by machines. To 
satisfy role requirements, a match between required competences (needed from 
roles) and available competences that should be brought to bear on designated 
roles, by people and their supporting technology needed to be established, 
maintained and changed with change in requirements. The roles matched to role 
holders in this ARTFORM case study are referred in Table 6-3 and 6-4. 
 Value streams: groupings of related value adding operations leading to 
identifiable outputs. 
 
Figure  6-9: Conceptual view of the integration model in SM 
Figure 6-9 is a conceptual illustration of the elements to be included into SMs namely, 
workflows (WL), roles (R), role holders (RH) and the values (VL) delivered by the 
actions of role holders when performing the roles. 
The conceptual framework shown in figure 6-9 was referred to when developing SMs. 
Again activity sequences comprising roles, structural relationships connecting roles, and 
data (including operation time data about stereotypical role holders) were all utilised 
when designing and building the SMs. The resultant models coded up flexible couplings 
between roles and stereotypical role holders; so that during experimentation changes to 
role, role holders and workflows could be separately and systematically made to 
facilitate conceptualisation and experimentation. The role holders were described with 
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respect to their competence levels but in the simulation models operation time data was 
used as a surrogate for competency levels as the simulation tool used to build and run 
the SMs did not have specific modelling constructs to directly encode competency types 
and data about competency entities.  
As earlier discussed therefore, three classes of role holders were identified as being 
appropriate in the assembly areas of ARTFORM, namely: experts (i.e. line leaders), 
practitioners and trainees.  In comparison to ordinary operators, ARTFORM line leaders 
possess advanced competences, greater experience and so-called tacit knowledge. This 
allows line leaders to train other persons when new assembly jobs are scheduled.  
Subsequent sections describe the second stage of SM development i.e. dynamic 
implementation of the conceptual SM.  
6.8 Step 5: Dynamic Implementation of selected segments of 
the Case Study Models via Simulation modelling 
 
Figure 6-10 is an illustrative description of how a process segment was selected for 
dynamic modelling (a more detailed diagram is attached in Appendix 3). DM4 is the 
parent domain (product and deliver product domain) that consists of three domain 
processes modelled as DP4.1 – DP4.3. Here, DP4.2.1 was selected from amongst the 
three for detailed testing in the dynamic model. DP4.2.1 is comprised of three other 
lower level business processes; labelled as BP4.2.1.1-BP4.2.1.6, which represent the 
workstations in the lean cells. At this level, DP4.2.1 was selected for dynamic 
modelling. DP4.2.1 consists of EAs, FOs and FEs that are respective steps and actions 
needed to perform assembly work in the lean cells. Figure 6-11 shows the activity 
decomposition into operations of the lean cell no. 1 (BP.4.2.1.1) and for batch assembly 
(BP 4.2.2). 
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Figure  6-10: Enterprise Modelling: Exemplary model - domain to enterprise activities 
 
Figure  6-11: Exemplary lean cell enterprise activities diagram  
The process-oriented roles derived from DP4.2.1 were modelled as i.e. work centre 1, 
work centre 2, work centre 3, work centre 4, work centre 5 and work centre 6. Normally 
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in the real system six workers working in a team perform in these roles; hence this 
reality was encoded into the ‘as is’ SM develop to model ARTFORM lean cells. In 
batch assembly, 6 workers were also assigned to perform the batch assembly line work. 
The two different simulation model configurations were designed for the lean cells and 
batch assembly cases, based on understandings encoded onto the conceptual model 
described in figure 6-12. A ‘gauge’ was located at the end of each simulation model; to 
measure and compare/contrast the throughput and lead time of lean cells relative to 
batch assembly arrangements. 
As for case study 1, simulation experiments conducted during the ARTFORM case 
began by conducting experiment 1 i.e. a validation experiment. The validation 
experiment was performed by replicating (in the lean cell and batch assembly SMs) 
process, resource and work configurations used in the actual case study production 
system. In experiment 2, the SMs used in experiment 1 were reused and tested with 
eight sets of workloads (WL1 to WL8 –see table 6-8) used as input to the simulation 
model. The purpose of doing so was to compare the dynamic behaviours of the different 
assembly configuration arrangements i.e. lean cells and batch assembly when they were 
run with comparable workloads. The conceptual layout of the two (‘lean’ and ‘batch’) 
simulation models is illustrated in figure 6-13.  
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Figure  6-12: Conceptual order of operations performed at different work centres i.e. 
batch assembly and lean cells  
  
Figure  6-13: Simulation model of lean cells assembly and batch assembly 
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The same simulation software tool (i.e. Technomatix Plant Simulation) was used for 
simulation modelling as that used in case study 1.  Figure 6-13 shows an actual screen 
shot layout of the SMs. Workloads (MU-moving units) are inputs from the production 
plan (source) that are input to either the lean cells or batch assembly. Following which 
MUs are processed via lean cells or batch assembly operations. Then the assembled 
products are sent to the end of the assembly systems (i.e. the drain/ storage) upon 
completion. The throughput rates for both cells and lines were recorded during the 
simulation experiments. 
6.9 Step 6: Case Study SM description and experiments 
Two different sets of simulation experiments were performed in this case study. The 
purpose of the first experiment was to validate the operation of the SMs and their ‘as-is’ 
resource systems, i.e. to seek to match observed and measured throughputs of the real 
and simulated systems respectively. When the model throughput and its time-based 
behaviours reflect those of the real system, then the SM was considered to be validated. 
The validated model of the production system was then run with experiment set one 
data to document and benchmark real system understandings about throughput, workers 
competency, workstation dynamics, and process dynamics. These benchmarks were 
then used for following experimental sets.  
In the subsequent experiments, possible ‘to–be’ scenarios of human systems change 
were tested by applying ‘reprogramming’ concepts in a similar way to that carried out 
in case study 1. The concepts involved were elaborated in chapter 5. In this case study, 
the workloads were changed periodically giving rise to controlled variations in product 
volumes i.e. WL1, WL2 and WL3 etc. These changes in workload could be associated 
to related changes in production planning and control in the real system.  
6.9.1 Experiment 1: Validation  
The aim of experiment 1 was to replicate the actual case study production system 
behaviour to show that the model represents the behaviour of the system with sufficient 
accuracy (Zeigler, Praehofer et al. 2000; Zeigler, Praehoffer et al. 2000; Wiegand, 
Jeltsch et al. 2003). It was performed to realise two objectives: (1) to reuse real data 
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from the lean cells and batch build lines into the simulation view; and (2) to compare 
measured outputs of the real system with observed SM throughput.  
No WC Activities 
 
Roles Role Holders 
(worker) 
Op time 
(min) 
Lean 
cell 1 
1 Carcass assembly R4.1 RH1 43 
Lean 
cell 2 
2 Electrical wiring and 
assembly 
R.4.2 RH2 16 
Lean 
cell 3 
3 Component assembly 1 R.4.3 RH3 28 
Lean 
cell 4 
4 Component assembly 2 R.4.4 RH4 15 
Lean 
cell 5 
5 Component assembly 3 R.4.5 RH5 14 
Lean 
cell 6 
6 Checking and final 
inspection/testing 
R.4.6 RH6 
8 
  Throughput /day = 2  Total TCT 124 
Table  6-3: Lean cells roles allocation and operation time  
 No WC Activities 
 
Roles Role Holders 
(worker) 
Op time 
(min) 
Assembly 
line 1 
1 Assembly 1 R1.1 RH1, RH2, 
RH3,RH4, 
RH5, RH6 
360 
  Throughput/day= 
1.2 
 Total TCT 
360 
Table  6-4: Batch assembly roles allocation and operation time 
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To be able to model the ‘as-is’ production system in a simulation view, the author has 
introduced some concepts and assumptions. Each lean cell is described as an ordered set 
of work centres (WC) i.e. WC1, WC2…WC6 that are arranged sequentially in the 
assembly cell or line. Roles are determined by an explicit description of production 
activities that need to be performed at each WC. Role holders (RH) are workers 
attributed to these WC’s with specific sets of competency needed at a particular WC. 
The same concepts are applied in batch assembly line i.e. roles are determined by 
activities held in batch assemblies and role holders are workers performing the roles. In 
batch assembly however a WC is assumed to be 1 unit workstation where six workers 
are grouped together to perform assembly activities. The role holders are assigned to 
their respective roles as shown in tables 6-3 and 6-4. As a recap, the author and her 
fellow researchers in MSI have only measured a limited set of actual system data i.e. 
primarily op times in lean cells in ARTFORM Ltd. Hence batch assembly op time were 
estimated based on estimates given by the batch assembly production manager for 
ARTFORM. 
The simulation model of the lean cells and batch assembly line were designed based on 
actual human system configurations observed in the plant and incorporated data 
recorded in table 6-3 and 6-4. Figure 6-12 shows conceptual models of both lean cells 
and batch assembly and figure 6-13 describes the layout of the models implemented 
using Technomatix Plant Simulation modelling software. For the validation experiment, 
these models were tested by running constant workload as a simulation input. Each 
workstation was attributed with its respective operation time (refer to table 6-3 and 6-4). 
The validation simulation modelling results were tabulated into table 6-5. In the same 
table the measured ‘as-is’ throughput data is also described. 
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 Actual data ‘as-is’ Simulation model 
Product types Total  
Op time 
(min) 
Throughput/
hour 
Total  
Op time 
Throughput/
hour 
Lean cell 
 
124 1.4 124 1.4 
 
Batch Assembly 
 
 
360 
 
1 
 
360 
 
1 
Table  6-5: Results of the validation experiment  
The simulation models were considered to be validated when the throughput of the 
experiment matched the measured ‘as-is’ throughput data.  
6.9.2 Experiment 2: Reprogramming human system configurations 
 The purpose of experiment 2 was to observe the behaviours of deployed human 
systems and hence the impact of such behaviours on the performance of the production 
system when role requirements change. The objective here was to observe the impact of 
changes in workloads, as role requirements change in both lean cells and batch 
assembly lines when workloads changed. Eight sets of workloads were hypothesised 
and tested in the simulation model (see table 6-8). The experiment was realised by 
taking the following steps: 
1. The same model designed for experiment 1 was used for this simulation 
modelling. 
2. Human resource assignments in this experiment were made in the manner 
described in table 6-6 and 6-7. Assigned worker’s competencies were as referred 
to in table 6-9. Also table 6-9 describes the human resource functional set up 
simulated for both lean cells and batch assembly. The workloads are as referred 
to in table 6-8. The output variables throughput and lead-time were measured in 
this experiment. 
No Resources 
(Role holder) 
Process 
Oriented roles 
1. 	 Resource 1(RH1) Role: R.4.1 
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2. 	 Resource 2(RH2) Role: R.4.2 
3. 	 Resource 3(RH3) Role: R.4.3 
4. Resource 4 (RH3) Role: R.4.4 
5. Resource 5 (RH4) Role: R.4.5 
6. Resource 6 (RH6) Role: R.4.6 
Table  6-6: Human resource assignment in Lean cells 
 
No Resources 
(Role holder) 
Process 
Oriented roles 
1. 	 Resource 1(RH1) Role: R.1 
2. 	  Resource 2(RH2) Role: R.1 
3. 	 Resource 3(RH3) Role: R.1 
4. 	 Resource 4 (RH4) Role: R.1 
5. 	 Resource 5 (RH5) Role: R.1 
6. Resource 6 (RH6) Role: R.1 
Table  6-7: Human resource assignment in batch assembly 
 
Workload (WL) Qty 
1 5 
2 10 
3 20 
4 50 
5 100 
6 500 
7 1000 
8 10000 
Table  6-8: Workload (WL1-WL8)       
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No. Experiment 
 
Role holders (RH) Workload 
type Trainee
(T) 
Practitioner
(P) 
Expert 
(E) 
2.1 PV1T1 
 
RH1, 
RH2 
RH3, RH4, 
RH5, RH6 
 WL1-WL8 
Table  6-9: Reprogrammable human configuration and simulation experiment set-up 
The scenarios and experimental set ups are conceptualised by figures 6-12. The 
competencies of the role holders in both lean cells and batch assembly were also 
modelled for this case study; see tables 6-10 and 6-11.  
RH No Functional competencies (FE) Worker’s 
assigned FE types Activities 
1  FE1 Carcass assembly A 
2  FE2 Electrical wiring and component 
assembly 
B 
3  FE3 Component assembly C 
4  FE4 Component assembly D 
5  FE5 Component assembly E 
6  FE6 Checking and final inspection/testing F 
Table  6-10: Worker’s competency modelling in lean cells. 
RH No Functional competencies (FE) Worker’s assigned 
FE types Activities 
1-6 FE1,FE2,FE3, 
FE4,FE5, FE6 
Assembly work  H, I, J, K, L, M and 
N 
Table  6-11: Worker’s competency modelling in batch assembly 
Full results for both experiments are discussed in section 6.10. 
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6.10  Results and Analysis: Experiment 2.1 
Experiment 2.1 results for both lean cells and batch assembly were recorded into table 
6-12 and 6-13. 
Workload Throughput/day Lead time 
(hours) 
Production 
value/cost 
1 5 0.43 13.37 
2 10 0.43 26.74 
3 20 0.43 53.48 
4 30 0.43 80.21 
5 33.5 0.43 89.57 
6 33.4 0.43 89.30 
7 33.5 0.43 89.57 
8 33.5 0.43 89.57 
Table  6-12: Experiment results for lean cells 
Workload Throughput/day Lead time 
(hours) 
Production 
value/cost 
1 2 4 5.35 
2 2 4 5.35 
3 3 4 8.02 
4 6 4 16.04 
5 6 4 16.04 
6 6 4 16.04 
7 6 4 16.04 
8 6 4 16.04 
Table  6-13: Experiment results for batch assembly 
The author also calculated the production value / cost for this experiment. The 
calculation is as described in section 5.8 in page 116. 
It is assumed in this case study that the values of  
F = £1000.00 and  
J = £55.00 
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The results related to the lead-time and production value/cost for both lean cell 
assembly and batch assembly line were plotted using an MS excel spreadsheet. The 
graphs are as portrayed in figure 6-14, 6-15 6-16 and 6-17. In figures 6-18 and 6-19, the 
simulated dynamic behaviour for both lean cells and batch assembly is shown. 
 
Figure  6-14: Production value/cost graph for lean cells 
 
Figure  6-15: Lead-time graph for lean cells 
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Figure  6-16: Production value/cost graph for batch assembly 
 
 
Figure  6-17: Lead-time graph for batch assembly 
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Figure  6-18: Simulation dynamics in Lean cells 
 
 
Figure  6-19: Simulation dynamics in Batch assembly 
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6.11 Observations   
 
The results of the simulation models were compared for the lean cells and batch 
assembly reprogramming experiments. Two types of experimental variable were 
systematically changed, namely (i) change in workloads (i.e. change in the rate at which 
work items are input into models) (ii) change in human system configuration i.e. change 
in human system assignment in a reprogrammable manner.  
The author compared the throughput values of the ‘as-is’ experiment with the ‘to-be’ 
experiments. From table 6-12 and 6-13 and the graphs recorded into figures 6-14, 6-15, 
6-16 and 6-17, it can be observed that: 
 WL variations affect the production throughput for both lean cells and batch 
assembly in the simulation experiment. The lead-time in both experiments 
remained un-altered i.e. 0.43 hours and 4 hours respectively. 
 Results from both ‘as is’ and ‘to be’ lean cell configurations showed that the 
lean cells are capable of working with higher workloads when compared to 
batch assembly. This can probably be explained by the way in which work is 
structured in lean cells; whereby it has been broken down into small sequential 
grouped activities which are assigned in each WCs with their respective RH’s. 
This structured activities leads to fewer bottlenecks and smaller work queues. 
Unlike batch assembly, where WC activities were treated as a big chunk of 
process that is assigned to a group of six people, the bottlenecks added up and 
thus assumed will result in higher bottleneck and queues. The process structure 
and the human structural organisation in the lean cells is believed to be better 
than that for batch assembly because the assignment of worker’s competencies 
to roles in lean cells is better structured and more strategic. 
 The human functional structure for both lean cells and batch assembly is similar 
(see table 6-9), however the lean cells yields higher throughput than batch 
assembly. From this result, the author assumed that the lean cells are more cost 
effective than batch assembly lines.  
  The dynamic behaviours shown in both graphs (6-15 and 6-17) can be used as a 
reference for future estimation of production lead-time and production 
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value/cost. Also it could be used for forecasting the capacity and capability to 
produce on time, during production planning and control.  
 The dynamic simulation diagram at each WC (for lean cells and batch assembly, 
see figures 6-18 and 6-19) portray dynamic behaviours i.e. bottleneck in both 
types of assembly system. In the lean cells the green bar reflects states where the 
process is working, while grey bars reflect that the process is waiting for job. On 
the other hand, in batch assembly, the workcentre is almost 100% occupied 
working. Although there are no bottlenecks in the batch assembly in the 
simulation model, the throughput of this assembly line is lower than lean cells 
due to extended hours of op time, which may be possibly caused by missing 
parts etc. From these dynamic simulation diagram, it is assumed by the author 
that production engineers, managers or supervisors can use both figures as a 
reference to improve the process structure and to be able to eliminate queues and 
reduce process bottlenecks.  
6.12  Usefulness of proposed integrated methodology 
To conclude, the developed integrated methodology has successfully modelled human 
systems in the case study via a combined use of enterprise modelling (CIMOSA) and 
simulation modelling (SM). The modelling has been tested and used to experiment with 
concepts about human structural and process modelling i.e. programmability. The 
modelling portrays the static and dynamic behaviour of two assembly lines in 
ARTFORM International Ltd, i.e. the lean cells and the batch assembly. This 
methodology is capable of providing an aid to production planning and capacity 
planning functions in ARTFORM Ltd; as it can help to forecast aspects of the 
production capacity and capability. The predicted dynamic behaviour of the two types 
of assembly system, and their predicted bottlenecks, can help guide production 
engineers to understand and evaluate possible performances of production systems, and 
their related supply chain operations, so that the production and assembly lines are 
working in a more optimal manner.  
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6.13  Concluding remarks 
 
The case study held portrayed capabilities of enterprise models and simulation models 
to characterize specified properties of complexity of the organizational processes and 
their related human resource and work sub-systems This was also shown to usefully 
predict dynamic behaviors of two types of (old and new) assembly system used in 
ARTFORM. Previously in MM1, the case study was held for flat sheet bearing 
production line and tested with two sets of configurations (reprogrammable and 
reconfigurable) and the dynamic behaviour for both configurations was captured and 
analysed. On the other hand in MM2, this case study was held to compare two different 
PS layouts i.e. lean cells layout and batch assembly layout and it was tested with 
reprogrammable configurations. The dynamic behaviour in both lean cells and batch 
assembly was captured in SM and analysed. The production systems analysed in case 
study 2 are much more complicated than those previously analysed in case study 1, due 
to more extreme product family variety and two different assembly set ups. The 
proposed methods break down the complexity in AF operations to be able to capture 
and analyse their behaviour. From the case study, therefore it is found that the proposed 
methodology is reusable in complex manufacturing systems. 
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7 Chapter 7: Case study 3 - Application of the Modelling 
Methodology 3 (MM3) in an air-conditioning company SL Ltd  
7.1 Case study 3: Introduction 
This chapter reports on the case study testing of ‘modelling methodology M3’. MM3 is 
a developed version of the earlier modelling methodology MM1 and MM2 conceived 
by the author. MM3 development relative to MM1 and MM2 centred on the provision 
of an enhanced resource system modelling capability, a need for which was conceived 
during case study 1 and 2 exploratory research.  
A company specific aim of the third case study was to identify design improvements to 
human systems used to resource the production systems used by a medium to large 
sized ME. The ME concerned will be known as SL Ltd. SL realizes multiple thousands 
of types of industrial air conditioner. The main focus of human systems re-design work 
carried out by the author was on SL’s assembly shops which realize the assembly of all 
types of SL air conditioner; therefore the subject production system needs to cope with 
very significant product variance and product volume on a day to day basis.  
7.1.1  Company Background 
SL is a privately owned Chinese manufacturing company located in Shun De in the 
Guangdong province of South China. Since 1988 when it became privately owned, SL 
has expanded its manufacturing and supply scope and is currently specialised in the 
‘engineering to order’ of customised industrial air conditioners. SL has unique 
expertise, which provides it with competences necessary to meet varying customer 
needs. However over the period that case study 3 was conducted, SL had significant 
problems in meeting customer due dates, which was having, major causal impacts in 
terms of poor cash flow behaviours. 
SL employs about 1000 staff of which 60 are mainstream engineers. SL staff is almost 
exclusively young graduates from universities and colleges (mainly but not exclusively 
in China) and hence the company exhibits high levels of exuberance and was proven to 
be very open to new ideas. 
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SL specializes in the customized design and manufacture of air conditioners used at 
power stations, air ports, hospitals, trains and in special environments (e.g. in military 
situations). SL products range from chillers, air handling units, humidifiers, humid static 
equipments and ‘standard’ air conditioners. SL claims to manufacture 4000 unique 
products with an average lead-time of 45 days; although historically, due dates vary 
from 10 days to 3 months.  
7.1.2 Assembly work in SL Ltd 
SL assembly work is performed in two assembly shops, i.e. assembly shop 1 (A1) and 
assembly shop 2 (A2). The segregation of the shops is based on size of the A/Cs. Also 
size and weight are highly dependent on the power rating of the A/Cs. All products 
rated below 35kW are assembled in assembly shop 1 and all products above 35kW are 
assembled in assembly shop 2.  The reason is that assembly shop 1 is located on the first 
and second floors and the lift has limited lifting capacity. The machine shops and raw 
material stores are located on the ground floor. Therefore there is a limit on excessive 
load movements around the factory; bigger A/C’s are assembled in the ground floor 
level of the assembly shop, i.e. assembly shop 2. Historically the assembly rate in 
assembly shop 1 is approximately 600 products per month. These products differ in 
specifications and hence assembly requirements. Also assembly shop 1 is noted for 
assembling small sized A/Cs with low customization needs and complexity. These 
products are assumed standardized in terms of their design and needed production 
processes. Typical batch sizes for assembly shop 1 are in the range 30 to 100 A/Cs.  
The assembly shops employ about 100 people with two managers and 3 top-level 
supervisors. The work is performed in 2 to 3 groups of 6 to 7 people with different 
expertise. There are no standard operation and lead times for the assembly shops and 
this makes planning difficult. 
Assembly shop 2 is focussed on large sized and ‘complicated’ customized A/Cs. 
Historically a batch size for this shop ranges from about 10 to 20 products. The team 
size working in assembly shop 2 is usually between 6 to 7 people and they operate 
within 2 to 3 teams. There are two primary issues that affect the running of the factory 
operations, namely (i) the area of factory floor space is limited due to the significant 
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size and geometry of typical A/C assemblies and (ii) since there is little control of parts 
left on the shop floor, this leads to missing/ lost parts which causes disruption and non 
value added time spent on searching for parts.  
The level of customization can sometimes be very high and may demand extra human 
resources within production teams for them to complete their designated work within 
acceptable timeframes. A typical example was related to a particular order containing 
77 new products. The production department spent close to 3 months to complete the 
production of these products. One other major problem is associated with the accuracy 
of the product drawings. The design and blueprints of the components was drawn using 
2D schema, and due to this parts assembly of the fabricated components do not fit well 
when they are assembled together. This can lead to complex re-work issues. 
The main economic drive of the company can be linked to products assembled in the 
assembly shop 2. The processes involved in the assembly of the A/C’s are as referred to 
in figure 7-1 which is a re-representation of one of the activity diagrams, which 
comprises the SL EM.  
 
 
Figure  7-1: Generic CIMOSA modelling for assembly processes in Assembly Shop 1 
and 2  
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7.2 Step 1: Create an Enterprise model for SL Ltd 
Following the same methodology as in the previous two case studies (reported in 
chapters 5 and 6) an enterprise model of SL was generated using CIMOSA modelling 
constructs by the MSI group of researchers. DPs are assumed to incorporate stand-alone 
core processes that interact with processes of other domains via the exchange of 
‘events’ and ‘objects’. The domains contributing to the day-to-day operation of the SL 
ME are shown in figure 7-2: 
 
Figure  7-2: SL Top Level Context Diagram 
In figure 7-2 four domains are highlighted as the functional areas i.e. DM3 Sellers, 
DM5 Product Designers, DM6 A/C Producers and DM7 Business Managers. The other 
processes included in the figure are non-CIMOSA domains, the internal operations of 
which were not considered in detail in this case study modelling and analysis.  
The models and templates were validated by the SL Ltd management and were 
therefore considered to represent the actual processes realised by the company. Also as 
discussed earlier this SL EM represents only ‘relatively enduring’ i.e. static 
relationships between various entities in the enterprise. Appendix 4 records some of the 
modelling templates populated to create the SL EM. However, these models are not 
computer executable models as they do not encode time-based states and state 
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transitions related to SL operations, and therefore when used on their own they are 
unable to quantitatively predict behavioural outcomes when dynamic change occurs in 
the enterprise.   
The processes realised by the SL assembly shop were decomposed and modelled in 
greater detail using the enterprise modelling approach developed by Chatha et, al. 
(Chatha, Ajaefobi et al. 2006) (Ajaefobi, Weston et al. 2006) which enhances the 
semantics captured by CIMOSA models. SL modelling was started by creating a 
context diagram, which at the highest level of abstraction shows the domains that 
contribute to the realisation of the processing requirements of the subject ME. 
Interactions between the domains of the SL ME, and between their constituent DPs, 
were modelled. Then CIMOSA process decomposition principles were used to detail, in 
the context of the SL business, the processes realised by SL’s assembly shops.  The 
assembly shop processes were therefore modelled as a set of EAs (see figure 7-3).  
A study of the human resourcing of the SL A2 assembly shop was chosen as the focus 
of this case study. This was because SL managers had stated that there are frequent 
planning and scheduling problems in this area of the SL production system and were 
giving rise to unacceptable lead time behaviours in assembly shop 2. The management 
and assembly operate processes in respect of assembly shop 2 include: planning, 
assembly and packaging the finished products. This shop demands agile and flexible 
production due to the dynamics of customer orders, which requires changing mixes of 
mainly customized air conditioning products, but also has some repeated orders. Thus 
the personnel working in SL’s assembly shop 2 needs to cope with a high degree of 
manufacturing complexity, both operationally and tactically. In order to better 
understand the phenomenon taking place on the shop floor this researcher 
conceptualised this A2 (Assembly 2) shop as being a multi product realising system. 
Figure 7-4 illustrates the multi value production system in respect of SL.  
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Figure  7-3: Exemplary process decomposition in SL Ltd 
 
Figure  7-4: Illustrative depiction of the case study enterprise as a multi value production 
system 
7.3 Step 2: Product classification based on similarity of 
processing operations 
To facilitate understanding and provide a basis for in-depth quantitative analysis of the 
company operations, the research initially conducted interviews with many relevant 
actors in the company. This involved interviewing Senior Managers, Middle Managers 
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and specific persons whose job was related to the research scope. To help the author 
understand the purpose of different SL operations, the company’s processes were 
visually mapped and explicitly documented in the form of a CIMOSA Enterprise 
Model. This first stage of case study 3 modelling therefore conformed to a common 
‘step 1’ shared by all versions of the authors modelling methodologies (namely MM1, 
MM2 and MM3).  Also in a similar way to earlier case studies, the nature of the 
different processes encoded into SL’s EM was studied with reference to a body of 
literature on process classifications (Salvendy 1992; Pandya, Karlsson et al. 1997; 
Weston 1999; Chatha 2004,). Furthermore, as for case studies 1 and 2, a decision was 
made to classify SL processes into three groups, namely: ‘obtain order’, ‘fulfil order’ 
and ‘manage order’ process classes (Salvendy 1992; Pandya, Karlsson et al. 1997; 
Pandya, Karlsson et al. May 1997). In relation to SL operations, the ‘obtain order 
process’ comprised the independent processes (and activities) involved in receiving and 
confirming orders or contracts.  
In SL, obtain order processing is performed primarily by people aligned to the 
Marketing and Sales departments. Their objective is to win contracts and prepare all 
necessary documentation work associated with each contract. Hence they served to 
define the nature and scope of work required by the downstream processes. 
In SL the order fulfilment process class included the set of processes (and activities) 
required to transform contracts won into finished A/Cs that meet customer 
specifications. This was the set of ‘value adding processes’ required realising A/Cs in 
conformance with customer orders. This included processes involved in: the 
development of product designs; the creation of engineering drawings and BOMs; tool 
making processes; the planning of purchases and production; the manufacture of metal 
sheets (for the construction of panels and frames of A/Cs); heat exchanger fabrication; 
final product assembly operations; and dispatch and transportation of A/Cs to customer 
locations. 
The third class of process identified enveloped supervisory, control and managerial 
processes (and activities) required primarily to ensure smooth and cost effective day-to-
day running of all order fulfilment and obtain order processes. This class included 
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processes and activities related to business management such as finance control, human 
resource management, management of inventory and purchases, quality control and 
process control. The CIMOSA enterprise model shown in Appendix 4 (i) shows how 
various domains or organisational units of the SL ME have responsibility for different 
‘domain processes’ (DPs). It also shows how these DPs have been decomposed within 
the SL Ltd ME into a unique set of ‘business processes’ (BPs) and activities. Reference 
to the SL EM and the product classes discussed above enabled this researcher to better 
understand how the SL ME operates. This provided a strong foundation from which to 
develop ideas about current SL operating problems and provided a ‘big picture’ into 
which improvement suggestions/ problem solutions could be positioned and described 
to SL senior and middle managers.  
On the advice of senior managers in SL, the case study 3 focus for this researcher was 
narrowed down to a detailed study of the assembly section and how improved human 
resourcing of that section could address the current problems faced by SL. Relative to 
other product realising sections of SL, the assembly section was generating poor and 
uncertain lead-time behaviours. Commonly production and purchase plans could not be 
achieved resulting in a significant percentage of final product assemblies being late; and 
this necessitated frequent re-scheduling and unacceptable levels of WIP. Poor assembly 
section behaviours were also thought to be partly consequent on complex causal effects 
from elsewhere in the SL ME. For example: poor/ incorrect product designs lead to high 
level of re-work in the assembly shop re-work; late delivery of purchased parts lead 
directly to assembly delays and WIP in the form of partially assembled A/Cs; there was 
a known inability in engineering to estimate assembly and purchasing processing times 
(probably because of unknown assembly time variations amongst different product 
types and when different product mixes are assembled) and this was resulting in poor 
planning and bottlenecks at assembly operations. In the context of this researcher’s 
study it was observed that uncontrollable and non-standardised working times occurred 
in the assembly shops primarily, it was thought, because of the various issues mentioned 
earlier.  
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Thus, it was decided that case study 3 would focus on one of the SL assembly shops 
(known as A2) as this was an area where there are complex production management 
issues that are of current prime concern to SL managers. 
7.4 Step 3: Role & Resource modelling  
Using a similar approach to that developed and used during case study 2, the author 
decomposed A2 assembly shop processes into a set of Roles (and their constituent FOs) 
that assembly shop operators must play as they assemble all air-conditioning product 
types realised by SL. This was viewed by this researcher as being a vital first step 
towards modelling, and better understanding, the competency requirements of assembly 
shop operators. Figure 7-5 shows the process-oriented decomposition of the A2 shop in 
the form of a CIMOSA activity diagram; which previously had been modelled at a 
higher level of abstraction as an integral part of the SL EM. 
Figure  7-5: Roles identified in SL Ltd assembly shop 
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It follows that figure 7-5 explicitly documented standard operating procedures (SOPs) 
for the A2 shop that must be resourced to realise customer orders. Currently SL does 
not explicitly specify SOPs in any of their production areas. In this study SL’s A2 SOPs 
were defined at a certain level of abstraction, which was chosen by the researcher to 
describe a generic set of A2 roles; in the sense that the roles defined are independent of 
any product type specialisation. However product type specific versions of these SOPs 
could also be developed as required; such as to document customised assembly 
operations, possibly in support of operator training programs or to be used by process 
planners and product systems engineers for purposes of achieving more realistic plans 
and better line balances respectively.  However the author’s purpose, when developing 
the A2 shops’ role decomposition was to begin to systemise the creation of useful 
structural and behavioural models of the A2 shop that could inform the design of 
various types of human resource system. Hence her focus was on using the role 
decomposition (and its embedded SOP’s) to conceptualise and design suitable matches 
of configurations of human systems (and their competencies possessed) onto A2 shop 
processing requirements, alternatively stated, given a set of processing steps the 
researcher sought to explicitly define viable configurations of role/role holder couples; 
and as product variances occur to be able to systematically reflect those variances into: 
specialised SOPs; specific competency needs; and viable structural (or static) 
configurations of people with the competencies needed to realise customised products. 
Additionally, within the context of this study, the forgoing would help systemise the 
conceptual design and ongoing development of simulation models of process-resource 
(or Role-Role Holder) couples; which in turn could computer exercise alternative 
human system designs.  
Therefore Figure 7-5 enabled this researcher to conceptualise alternative allocations of 
operator types to A2 Roles. This was useful when describing both ‘as is’ and possible 
future (‘to be’) configurations of human systems. For example Table 7-1 documents an 
‘as is’ situation observed in the A2 shop, and time study estimates obtained for 
(average) role completion times (i.e. Op times) when designated role holders were 
assigned to the roles specified.  
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Also in a similar way to that carried out during case study 2, when creating a simulation 
model of SL’s assembly shop 2 the author used work centre model building blocks of 
the simulation tool to model corresponding Role-Role Holder couples. This led onto the 
researcher developing an initial A2 simulation model with thirteen workstations 
performing explicitly defined tasks to assemble A/C units.  
It was estimated by A2 managers that on average assembly shop A2 takes 18.75 hours 
(1109 minutes) to complete one LSF A/C unit. This kind of estimate can be used to 
estimate the maximum total cycle time (in this case in minutes) to complete one A/C 
unit.  
No Activities 
 
Op time 
(min) 
1.  Underframe 30 
2.  Backbone 40 
3.  Compressor 23 
4.  Tubes 0 
5.  Condenser 95 
6.  Vapouriser 23 
7.  Fan/Motor 53 
8.  Tube Welding 420 
9.  Hydraulic pressure test 65 
10.  Electronic panel 140 
11.  Side panel 30 
12.  Test 100 
13.  Packaging 90 
 Total time 1109 
Table  7-1: LSF assembly roles allocation and estimated operation times. 
Also in a similar manner to case study 2, human resources were modelled based on their 
competency types and levels. With respect to competency levels, the human types 
‘Expert’, ‘Practitioner’ and ‘Trainee’ were once again adopted. Experts are assumed to 
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be able to produce 5 products per day, Practitioners are assumed to be able to produce 3 
products a day and Trainees are assumed to be able to produce 1 product per day. The 
assumptions about the relative rates of working for the three stereotypical operator types 
are summarized in figure 7-6 below: 
 
Figure  7-6: Human resource competency modelling in SL Ltd 
Therefore following the researcher’s developed modelling methodology; roles were 
assigned based on a match between competencies required and competencies possessed. 
It is foreseen that the use of practitioners and trainees might save production costs in 
terms of wages but might also contribute towards a build-up of queues, which will 
negatively affect production throughput and lead-time. 
The many product types that are processed in the A2 shop require distinctive assembly 
times and also different resource competences. Thus the requirements for each role are 
different and demand different competencies and levels of competencies to be able to 
realise them in any given planning timeframe. On the A2 shop floor, a supervisor or 
team leader usually does the matching and assigns the people resources to the 
processing steps. But this is done implicitly and the work is performed based on their 
personal experience, personal tacit knowledge and judgement; all of which can be 
different for the various decision makers involved.  
In this study however the matching processes were explicitly described and documented 
in the form of table 7-2.  
 Workpool of 
candidates  
Competency level 
Expert Work rate: 5/day 
Practitioner Work rate: 3/day 
Trainee  Work rate: 1/day 
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Table  7-2: Matching process requirements to process solutions 
7.5 Step 4 Integration modelling: Conceptualisation of 
Process, Resource System and Workload Configurations 
7.5.1 Application of the Dynamic Producer Unit (DPU) Concept in SL 
In this third case study it was decided that the researcher would experiment with the use 
of so called ‘DPU (Dynamic Producer Unit) concepts’ and to do so to extend the 
application of these ideas as needed for the modelling of human systems in SL. DPU is 
a new conception of researchers in the MSI research institute, at Loughborough 
University, developed with a view to facilitating component-based system engineering 
in MEs (Weston, Zhen et al. 2006; Weston, Rahimifard et al. 2009). The purpose of this 
modelling concept is to provide coherent and abstract descriptions of common reusable 
components (or building blocks) of manufacturing organizations; such that organization 
strategists, designers, developers, and managers can decide how to achieve an integrated 
and effective use of finite, valuable, and constrained sets of resource systems (people, 
machines and computers), so that resource system changes can be made dynamically 
and continuously through the lifetime of subject organizations. A DPU is defined as “an 
organizational unit comprising of people, machines and/ or computers; that functions as 
a configurable, reusable, and interoperable component of one or more complex 
organizations” (Weston, Rahimifard et al. 2009).  Here it is assumed that: 
(a) DPUs will function individually, as a holder of one or more assigned roles; 
(b) Configurations of multiple DPUs will interoperate so as to function collectively as 
holders of one or more higher-level (more abstract) roles (i.e. roles composed of lower 
level roles).  
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The proposed DPU architecture is referred to in figure 7-7 (Weston, Rahimifard et al. 
2009): 
 
Figure  7-7: Generic DPU architecture configuration (Weston, Zhen et al. 2006; Weston, 
Rahimifard et al. 2009) 
DPUs can be viewed from three viewpoints (Weston, Rahimifard et al. 2009), namely: 
a. Functional - this is expressed in terms of relatively enduring ‘functional 
competencies’ e.g. competency to perform assembly work, designing or 
processing materials etc. 
b. Structural – this is expressed in terms of relatively enduring activity, 
information, control and material flows that are linked to role assignments and 
interaction between roles. 
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c. Behavioural – this is expressed in terms of three different characters:- 
i. Productivity character, i.e. lead time, takt time 
ii. Changeability character, i.e. programmability, configurability 
iii. Self-character, i.e. motivation, culture. 
 
Figure  7-8: Generic large scale DPU modelling (Weston, Rahimifard et al. 2009) 
DPU architecture ideas were tested in this case study with a view to more formally 
describing how EM and human systems modelling ideas can be linked.  The intended 
uses in this case study of DPU concepts are portrayed in figure 7-8. This figure 
conceptualises functional and structural modelling aspects of DPU’s in a target 
production system, which could be manually resourced, semi-automated or fully 
automated. However, it is assumed that the behavioural aspects of DPU’s will either be 
modelled at (1) in a very high level abstract way or (2) in a detailed but focussed 
manner centered for example only on small-scale production activities.  
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Particularly in case study 3 the researcher wished to consider and experiment with 
selected behavioural aspects of human systems: with a focus on changeability traits i.e. 
programmability and configurability aspects of people systems which in a less formal 
way were also tested in case study 1 and 2. The idea here was that changeability traits 
required in SL’s A2 might also be modelled in a DES modelling environment. The 
expected use of DPU modelling with other modelling ideas is portrayed by figure 7-9: 
 
Figure  7-9 Detailed DPU modelling proposed for integration model in case study 3 
7.6 Step 5: Dynamic Implementation of selected segments of 
the Case Study 2 Models via Simulation modelling 
The developed static models explicitly document only relatively enduring enterprise 
structures; especially they model a network of processes and their role derivatives; and 
this provides a ‘big picture’ into which enterprise value streams can be positioned and 
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visualised. The static models were used to develop conceptual simulation models to 
visualize the changing behaviours of the assembly line, in the event of change in 
structural relationship and data encoded by the static models and their related data 
tables. A conceptual simulation model was designed first; followed by a detailing of the 
design to create one or more experimental implementation views. The data used in the 
simulation models could therefore be reused systematically and consistently. The 
decomposition concepts applied in respect of case study 1 and 2 were also used in case 
study 3 such that the simulation model consisted of well defined enterprise structures, 
operations and resource systems as explained previously in chapters 5 and 6; i.e. the SM 
comprised well defined: 
 Workflows; 
 Roles; and 
 Role holders.  
In this way the A2 shop SM was conceived as comprising 13 workstations each of 
which can be identified within the A2 shop activity diagram, which was part of the 
originally generated EM of SL.  
The process-oriented roles derived from BP6.3.1 were modelled as workstations 
EA6.3.1.1 to EA6.3.1.13. The ‘as is’ number of workers who worked at those 
workstations is listed in figure 7-1. The total number of workers working at all the 
workstations is 66 persons; and those persons are divided into four teams. These teams 
possess a sub-set of all needed assembly competencies and therefore only perform 
specific tasks in their respective workstations. The conceptual layout of the simulation 
model is referred to in figure 7-11. This layout represents the DPU’s defined i.e. Ra, Rb, 
Rc and Rd. A screen shot of the actual simulation model built using the Technomatix 
Plant Simulation® Modelling software is shown in figure 7-12.  
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Figure  7-10 Team of staff in Assembly shop 2  
 
Figure  7-11: SL Ltd conceptual SM modelling 
 
 
Figure  7-12: Simulation model of assembly shop 2 (LSF A/Cs) 
Chapter 7: Case study 3 
 
 
Siti Nurhaida Khalil 177 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
Team No Qty Role holders 
No 1 32 RH1 
No 2 8 RH2 
No 3 11 RH3 
No 4 15 RH4 
Table  7-3: Team and role holders in LSF A/C’s assembly line. 
7.7 Step 6: Case Study SM description and experiments 
The ‘as is’ A2 simulation model was run to perform a validation experiment. A 
conceptual model developed to graphically represent the ‘as-is’ A2 shop is shown in 
figure 7-13. Having validated the ‘as is’ model, experiment 2 was carried out in which 
variable workload input mixes were input to the ‘as is’ simulation. The human 
configuration used during experiment 2 is as shown in table 7-8. Eight sets of 
experimental input workloads were defined, (as described in table 7-4) and input to the 
SM during experiment 2. In experiment 3, human resource configuration structures and 
competencies were changed in the manner described by table 7-10. Also the eight sets 
of experimental workloads described in table 7-4 were tested during experiment 3. This 
allowed testing of the impact of different human configurations on assembly shop lead-
times and throughputs.  
Workload (WL) Qty 
1 5 
2 10 
3 20 
4 50 
5 100 
6 500 
7 1000 
8 10000 
Table  7-4: Workload WL1- WL8 
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The workload descriptions above defined a range of production volumes in the 
assembly shop; where some of these ‘rate’ values corresponded to typical current 
workloads in the actual shop while other values were included to seek to predict likely 
outcomes should market conditions or SL strategies change.  
7.7.1  Case Study SM Description  
Three different sets of experiments were performed with the A2 SM. The first 
experiment was used to validate the ‘as-is’ model throughput in comparison to the real 
system observed/measured throughput. During validation the model was tested with 
constant input data to record the throughput, workers competency needs, workstation 
dynamics, and related process dynamic impacts. This information was used as a 
benchmark for the next set of experiments. In subsequent experiments, possible ‘to–be’ 
scenarios of human systems configuration change were tested by applying ‘re-
programming’ and ‘re-configuration’ concepts introduced earlier in this thesis. 
7.7.2 Experiment 1 Validation  
The aim of this experiment was to replicate the actual ‘as-is’ case study production 
system behaviours in SL Ltd with sufficient accuracy (Zeigler, Praehoffer et al. 2000; 
Wiegand, Jeltsch et al. 2003). This realised two objectives: 1) to reuse real data from 
assembly 2 into the simulation view format, and 2) to compare measured outputs of the 
real system with observed simulation model throughput. 
 No Activities 
 
Roles Role Holders 
(worker) 
Op time 
(min) 
WC1 1.  Underframe Ra RH1 30 
2.  Backbone Ra RH1 40 
3.  Compressor Ra RH1 23 
4.  Tubes Ra RH1 0 
5.  Condessor Ra RH1 95 
6.  Vapouriser Ra RH1 23 
7.  Fan/Motor Ra RH1 53 
WC2 8.  Tube Welding Rb RH2 420 
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9.  Hydraulic pressure test Rb RH2 65 
WC3 10.  Electronic panel Rc RH3 140 
11.  Side panel Rc RH3 30 
WC4 12.  Test Rd RH4 100 
13.  Packaging Rd RH4 90 
Total time   1109 
Table  7-5: LSF assembly roles allocation and operation time. 
Assembly activities performed in the A2 assembly shop were grouped into four WCs, to 
which defined specific sets of roles and assigned role holders were attributed (see table 
7-5). The op times input to the model at each WC are as shown in table 7-5. A 
conceptualisation of this validation experiment is shown in figure 7-11. 
During the A2 validation experiment, the dynamic behaviours of two different products 
(i.e. Complex-WRF and Complex-LSF) were modelled. Both products are large in size 
and needed longer than average hours to assemble. Comparatively the FO’s (i.e. 
elemental production activities needed) and FE’s (i.e. needed human resource 
competencies) of these products are similar in nature. Each workstation was attributed 
with respective operation times derived from the earlier time study. During 
experimental runs the throughput was measured and the results are recorded into Table 
7-6. 
The results of the validation experiment are referred to in Table 7-6.    
 Actual data ‘as-is’ Simulation model 
Product types Total 
operation 
time (min) 
Throughput/
day 
Total operation 
time (min) 
Throughput/
day 
LSF 1109 1 1109 1.12 
WRF  2925 0.5 2925 0.6 
Table  7-6: Validation experiment results for SL Ltd case study 
Based on the results obtained it was considered that the simulation modelled was 
deemed to be validated as the throughput of the experimental model matched the 
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measured ‘as-is’ throughput data with sufficient accuracy as later use of the model was 
to be mainly informative rather than directive.  
7.7.3 Experiment 2: Reprogramming human system configurations 
 The purpose of experiment 2.1 was to observe the behaviours of deployed human 
systems, and hence the impact of such behaviours on the performance of the production 
system, when role requirements change. The objective here is to observe the impact of 
changes in needed competencies of workers as role requirements change due to 
variation in incoming workloads. Experiment 2.1 was realised by taking the following 
steps: 
1. The same model designed for experiment 1 was reused for this simulation 
modelling.  
2. The human assignments made in the simulation model are according to table 7-
7. Workers configurations were defined in the model as specified in Table 7-8. 
Also in this table the experimental scenario was designed to exercise model 
behaviours in response to eight workload changes (WL1 –WL8), which were 
changed to be able to observe the programmability behaviours of the A2 shop. 
The main performance measures of concern (i.e. throughput and lead-time) were 
measured in this experiment. 
Figure 7-11 characterises the experimental scenarios devised to illustrate 
programmability effects in the SL A2 shop. 
No No of 
staff 
Resources 
(Role holder) 
Process 
Oriented roles 
1. 	 32 Resource1(RH1) Role a 
2. 	 8 Resource2(RH2) Role b 
  
3. 	 11 Resource3(RH3) Role c 
4. 	 15 Resource4(RH4) Role d 
Table  7-7: Human resource assignment to roles in SL assembly 2 
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No Experiment Role holders (RH) Workload 
type Trainee Practitioner Expert 
2.1 PV1T1 
 
RH4 RH1, RH2, 
RH3 
 WL1-WL8 
Table  7-8:  Reprogrammable human configuration and simulation experiment design 
The competencies of the role holders in the A2 assembly shop were also modelled for 
this case study experiment 2.1 and this is as referred in table 7-9. 
RH No Functional competencies (FE) Team 
Assigned FE types Activities 
1 FE1 Prepare Underframe A 
1 FE1 Assemble Backbone A 
1 FE1 Installing Compressor A 
1 FE1 Installing Tubes A 
1 FE1 Installing Condessor A 
1 FE1 Installing Vapouriser A 
1 FE1 Installing Fan/Motor A 
2 FE2 Tube Welding B 
2 FE2 Performing Hydraulic pressure test B 
3 FE3 Installing Electronic panel C 
3 FE3 Installing Side panel C 
4 FE4 Perform final test D 
4 FE4 Packaging D 
Table  7-9: Worker’s competency modelling in A2 assembly 
The results of experiment 2.1 are discussed further in section 7.8 results and analysis. 
7.7.4 Experiment 3: Reconfigurable human systems 
 The aim of this third SL simulation experiment was to observe behaviours of human 
systems, and how these impact in terms of changed production system performance, 
when human role assignments change. The objective here is to change the structure of 
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the workers deployed to realise value-adding operations at the work centres. Table 7-10 
depicts the design of the reconfigurability experiments and shows the human 
configurations incorporated into the A2 shop SM.  The workloads input to the modelled 
systems were the same as shown in table 7-4.  A conceptualisation of the scenario 
modelled here is shown in figure 7-12. 
No Experiment Role holders (RH) Workload 
type Trainee Practitioner Expert 
3.2 PV1T2 RH1, 
RH2 
RH3 
 
RH4 
 
WL1-WL8 
Table  7-10: Reconfigurable experiment human configuration and simulation experiment 
set-up  
The competencies of the role holders in the A2 shop were also modelled for this case 
study experiment 3.1 (see table 7-10).  
The results of experiment 3.1 are discussed further in section 7.8 results and analysis. 
7.7.5 Experiment 4: Human change capability experiment 
The aim of this fourth SL simulation experiment was to observe behaviours of human 
systems, and how these impacted by change in production system structures thus change 
in the human role assignments.  
The objective here was to model two separate PS of Roof A/C and ACC A/C production 
systems by 1) explicitly describing their FO’s and FE’s (via roles, role folders and WC 
concepts), 2) model the PS in SM by integrating the workload, process and human 
aspects in SM. 
The FO’s and FE’s for both Roof A/C and ACC A/C production systems are listed in 
table 7-11 and 7-12. The input workload for this experiment is as referred in table 7-4. 
The role holders are grouped into four operating teams (see Table 7-3). The human 
configurations were hypothesized as shown in table 7-13 and 7-14. A conceptualisation 
of the scenario modelled here is shown in figure 7-12.  
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 No Activities 
 
Roles Role Holders 
(worker) 
Op time 
(min) 
WC1 1.  Underframe Ra RH1 30 
 2.  Backbone Ra RH1 30 
 3.  Compressor Ra RH1 60 
 4.  Condessor Ra RH1 200 
 5.  Vapouriser Ra RH1 120 
 6.  Fan/Motor Ra RH1 180 
WC2 7.  Tube Welding Rb RH2 600 
8.  Hydraulic pressure test Rb RH2 120 
WC3 9.  Electronic panel Rc RH3 360 
10.  Side panel Rc RH3 560 
WC4 11.  Test Rd RH4 260 
12.  Packaging Rd RH4 180 
Total time   2700 
Table  7-11: Roof A/C assembly operations and op time 
 No Activities 
 
Roles Role Holders 
(worker) 
Op time 
(min) 
WC1 1.  Underframe Ra RH1 60 
 2.  Backbone Ra RH1 30 
WC2 3.  Electronic panel Rc RH2 40 
4.  Side panel Rc RH2 90 
WC3 5.  Test Rd RH3 30 
6.  Packaging Rd RH3 90 
Total time   470 
Table  7-12:  ACC A/C assembly operations and op time 
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No Experiment Role holders (RH) Workload 
type Trainee Practitioner Expert 
4.1 CV1T1 
 
RH4 RH1, RH2, 
RH3 
 WL1-WL8 
Table  7-13: Human configuration in Roof A/C 
No Experiment Role holders (RH) Workload 
type Trainee Practitioner Expert 
4.1 CV1T2 
 
 RH1, RH2, 
RH3 
 WL1-WL8 
Table  7-14: Human configuration in ACC A/C. 
The results of experiment 4 are discussed further in section 7.8 results and analysis. 
7.8 Results and Analysis 
The throughput rates and bottlenecks at each workstation were over-viewed when all 
the above-described SM runs were complete. The results for the eight SM experiments 
performed are summarized into Table 7-15 for experiment 2.1.  Results for experiment 
3.1 are described in table 7-16  The production value/cost graph for experiments 2.1, 3.1 
and 4.1 is referred to respectively in figures 7-13, 7-15, 7-17 and 7-19. The lead-time 
graph for experiments 2.1, 3.1 and 4.1 is referred to respectively in graph 7-14, 7-16 and 
7-18. 
Also in a similar fashion to that for case study 1 and 2, the ratio ‘Production value/ 
Human resource operating cost’ was estimated in each experimental scenario tested 
during case study 3.  
It is assumed in the case study that: 
F(LSF)= £10,000.00 
F(Roof A/C) = £12,000.00 
F(ACC A/C)= £1000.00 
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J= £10.00 
The calculations of production value/cost for experiment 2.1, 3.1 and 4.1 was computed 
in excel and tabulated in tables 7-15, 7-16, 7-17 and 7-18 respectively.  
Workload Throughput/day Lead time 
(hours) 
Production 
value/cost 
1 1 15.3 13.12 
2 1.6 15.3 21.00 
3 1.548 15.3 20.31 
4 1.548 15.3 20.31 
5 1.548 15.3 20.31 
6 1.548 15.3 20.31 
7 1.548 15.3 20.31 
8 1.548 15.3 20.31 
Table  7-15: Experiment results for experiment 2.1 
Workload Throughput/day Lead time 
(hours) 
Production 
value/cost 
1 1 15.3 13.21 
2 1.5 15.3 19.82 
3 1.533 15.3 20.25 
4 1.55 15.3 20.48 
5 1.54 15.3 20.34 
6 1.55 15.3 20.48 
7 1.55 15.3 20.48 
8 1.55 15.3 20.48 
Table  7-16: Experiment results for experiment 3.1 
 
Workload Throughput/day Lead time 
(hours) 
Production 
value/cost 
1 1 25 16.62 
2 1 25 16.62 
3 1 25 16.62 
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4 1 25 16.62 
5 1 25 16.62 
6 1 25 16.62 
7 1 25 16.62 
8 1 25 16.62 
Table  7-17: Experiment results for experiment 4.1 – Roof A/C’s 
Workload Throughput/day Lead time 
(hours) 
Production 
value/cost 
1 5 2.3 8.17 
2 9 2.3 14.71 
3 10 2.3 16.34 
4 9.75 2.3 15.93 
5 9.66 2.3 15.78 
6 9.6 2.3 15.69 
7 9.6 2.3 15.69 
8 9.6 2.3 15.69 
Table  7-18: Experiment results for experiment 4.1- AAC A/C’s 
 
 
Figure  7-13: Production value/cost graph for experiment 2.1 
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Figure  7-14: Lead-time graph for experiment 2.1 
 
 
Figure  7-15: Production value/cost graph for experiment 3.1 
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Figure  7-16: Lead-time graph for experiment 3.1 
 
 
Figure  7-17: Production value/cost graph for experiment 4.1- Roof A/C 
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Figure  7-18: Lead-time graph for experiment 4.1- Roof A/C 
 
 
 
Figure  7-19: Production value/cost graph for experiment 4.1-AAC A/C 
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Figure  7-20: SM workstation dynamics graph for experiment 2.1 
 
Figure  7-21: SM workstation dynamics graph for experiment 3.1 
Chapter 7: Case study 3 
 
 
Siti Nurhaida Khalil 191 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
 
Figure  7-22: SM workstation dynamics graph for experiment 4.1- Roof A/C 
 
Figure  7-23: SM workstation dynamics graph for experiment 4.1- ACC A/C 
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7.9  Observations   
The results of the simulation models were discussed between experiments 2.1, 3.1 and 
4.1. Two types of experimental variable were systematically changed in experiment 2.1 
and 3.1, namely (i) change in workloads (i.e. change in the rate at which work items are 
input into models) (ii) change in human system configuration i.e. change in human 
system assignment in a reprogrammable manner as well as in a reconfigurable manner. 
The third experimental variable i.e. change in product variance was tested in experiment 
4.1. 
The author compared the throughput values of the ‘as-is’ experiment with the ‘to-be’ 
experiments. From tables 7-15 and 7-16 and the graphs recorded into figures 7-14, 7-15, 
7-16 and 7-17 it can be observed that: 
 In both experiments 2.1 and 3.1, there is no big difference found in both 
configurations of human systems in terms of production throughput. In 
experiment 3.1 reconfiguration of role holders was changed from 
reprogrammable configuration i.e. RH4 from trainee to experts, and RH1 and 
RH2 from practitioners to trainees. This change has slight effect on the A2 
assembly line balance, shown via A2 dynamic behaviour results i.e. simulation 
throughput where A2 in experiment 3.1 throughput was approximately similar 
to previous A2 in experiment 2.1. The total cost for running the assembly line 
in both experiment 2.1 and 3.1 are almost similar although the mix of workers 
is different. This happened due to the configuration in 3.1 that had similar 
impacts on the assembly line balancing as was previously experimented in 2.1. 
From table 7-19 it is shown that the difference in total human capacity 
competencies for both 2.1 and 3.1 are relatively small. Due to this, the SM 
dynamic behaviours in 3.1 are similar to 2.1. (Note: from table 7-6 competency 
for trainee=1, practitioner = 3, expert = 5) 
No Experiment Role holders (RH) 
Trainee Practitioner Expert 
2.1 PV1T1 
 
RH4 
(15 x 1=15) 
RH1, RH2, 
RH3 
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(51 x 3= 153) 
3.1 PV1T2 RH1, RH2 
(40x 1=40) 
RH3 
(11 x 3 = 33) 
RH4 
(15 x 5=75) 
Table  7-19: Experiment 2.1 and 3.1 human capacity competencies 
Total competency for 2.1 =168 
Total competency for 3.1 = 148 
 The author assumed the simulation results and the cost (human) of running the 
assembly is affected by the numbers of workers assigned and the respective 
competencies they bring to the assembly shop. In experiment 3.1, RH4 (15 
workers) are experts however RH1 and RH2 (total 40 workers) are practitioners 
and thus it slows down the production throughput in experiment 3.1. As 
mentioned in table 7-19, the total capacity competencies in 2.1 are higher than 
in experiment 3.1. Thus it can be concluded that change in competency and 
numbers of workers does not necessarily increase the production throughput: it 
could be the same or become the otherwise. This case study proved that change 
in competency can be explicitly defined and calculated thus providing 
quantitative estimation to production managers, supervisors, executives etc in 
deciding which HS configuration works best in their production planning and 
control. 
 It is observed that the simulation results could usefully inform the production 
control and planning staff in SL and could be used as a benchmark for further 
improvements in the production capacity i.e. by choosing the right mix of 
operator functional and change competencies in human configurations the 
assembly system could run in a balanced way despite changing workload 
dynamics in terms of both needed product variances and production rates. The 
results can also be used as reference when developing medium to long term 
training schedules for current workers, or potential ‘ad-hoc’ workers and for 
potential future workers.  
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 The results from the two experiments 2.1 and 3.1 are similar, however the 
author observed that worker’s configuration significantly affects the behaviour 
of the assembly system, i.e. when the competency of the resource system 
varied. Figures 7-21 and 7-22 showed that the dynamic behaviour for both 
configurations is not similar: the bottlenecks and queues at WC’s are different 
in both cases. Thus the approaches used in experiment 2.1 and 3.1 can be used 
to predict multiple future work scenarios and also usefully inform production 
planning and control of the A2 assembly shop. 
  In experiment 4.1, two types of product variation were modelled in SM. In 
Roof A/C, the product apparently is much more complicated (based on the 
nature of Roles/FO’s) than ACC A/C, thus it requires longer time and more 
workers to produce a unit A/C. This explains lead-time and throughput of both 
products are different due to difference in process complexity. In figure 7-23, 
the percentage of blocked workstations (yellow colour) is greater than in figure 
7-24. Yellow bar reflects that the process line is blocked and not processing. 
For the production system to change from ACC A/C set-up to Roof A/C set-up, 
the FE i.e. role holders need to be trained and reconfigured such that it is able to 
meet the capacity of the much complicated production system set-up i.e. Roof 
A/C. 
Based upon the above mentioned observations, the resource structure of the production 
system needs highly trained human system rather than machines to be able to respond to 
customer-related dynamic workloads in the A/C production system, although machines 
are deemed to be faster, however the nature of activities in A2 PS requires flexibility- 
this is not easily achievable in machines. A2 requires flexibility and efficient operators 
and efficient processes to be able to achieve higher productivity. 
7.10  Usefulness of proposed integrated methodology MM3 in 
case study 3 
To conclude, the developed integrated methodology MM3 was found to usefully model 
different human systems with respect to specific and changing product realising 
requirements observed in case study 3. This allowed the researcher to predict likely 
impacts of changing the configuration of workers and to explicitly foresee requirements 
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to develop competency levels possessed by assembly workers; and this kind of 
prediction could lead to the formal specification of improved planning and supervisory 
rules in the assembly system studied.  
By following the modelling steps recommended by MM3, an EM of the SL ME was 
created and decomposed into process oriented roles; which were then matched to 
candidate human resources modelled conceptually as DPUs, to which competency 
attributes were assigned. This helped to systemise the design of a simulation model and 
a set of simulation experiments; which in this case studied programmability and re-
configurability aspects of human systems.   
Use of DPU modelling ideas was observed to have potential to enable 1) representation 
of families of DPUs from a functional perspective and 2) storage and reuse of specific 
attributes of candidate DPUs, as potential holders of process oriented roles.  
Likely dynamics on the production floor were also being predicted; and the SM was 
observed to usefully model behaviours of individual assembly workstations. This kind 
of information can support process improvement teams charged with realising medium 
term improvements in line balances and line efficiencies, and can inform decision-
making about the need to automate certain production operations. The use of the DPU 
and competency concepts can equally support people and machine modelling in this 
respect.   
7.11   Concluding remarks 
When they are used in combination, enterprise modelling and simulation modelling can 
break through the complexity of the manufacturing organisations by separately dealing 
with structural and behaviour concerns. This research (MM3) has introduced and tested 
new concepts for characterising configurations of human systems and their attribution to 
process oriented roles. As an extension to MM1 in case study 1, the DPU concept was 
introduced in modelling human functionalities in EM. When the method i.e. MM3 was 
used in conjunction with enterprise and simulation modelling techniques these concepts 
were observed to usefully characterise structural properties and functional behaviours of 
people in A2 assembly, and the impacts they have on the productivity of manufacturing 
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and assembly systems. Further these observations can form the basis of various kinds of 
decision-making rule; e.g. for planners, supervisors and production system developers. 
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8 Chapter 8: Methodology for Modelling Human Systems 
within specific case MEs 
 
8.1 Operations in ARTFORM (AF) Ltd  
AF produces POP (point of purchase) shop fitting equipment for a variety of product 
brands which include: Loreal, Rimmel, Vodaphone, etc. Mainly for sales, marketing 
and financial management purposes, the company groups the various product types they 
make into several categories with reference to the market segment in which their 
customers operate: mainly cosmetic, telecommunications, tobacco industry sectors. 
However in the authors’ study a different product classification was deemed to be 
necessary based on significant processing differences during product realisation. For 
example ‘customised products’ (i.e. any significantly distinctive product type required 
by a customer) needed to be engineered (i.e. partially re-designed to facilitate 
manufacture and thereby to define its specific manufacturing processing needs) before 
any parts can be made, purchased and assembled. But for other previously produced 
(i.e. ‘standard’) products only make, purchasing and assembly operations needed to be 
scheduled (in relation to the scheduling of other product types to be realised in the same 
time frame). 
 
The current production volume variations and product type variances that need to be 
handled (as defined by the various customer orders, and their related product types and 
order quantities, in any current planning window) are the major customer induced 
variables that impact on AF production giving rise to complex & uncertain decision 
making. AF can respond to this customer induced dynamic via two means (1) by 
scheduling the realisation of orders (and their related order quantities and variances) in 
different ways and (2) when needed by re-configuring their product realising systems 
(i.e. the way that people and machines are allocated to the specific engineering and 
production operations and related work flows for a given set of customer orders 
scheduled). In the authors’ research option (2) was the prime focus of investigation but 
there was a secondary focus on (1). To enable an investigation of (2) it was planned to 
explicitly define ‘existing’ and ‘new’ (or futuristic) AF engineering and production 
system configurations by separately modelling the ‘processing requirements’ (i.e. the P 
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sub-system in terms of Roles) and candidate ‘resource attributions’ (i.e. the R sub-
system); then by attributing these (Role and Resource) models to so called work centres 
which would need to (sequentially and concurrently) process elemental work system 
flows corresponding to a particular production system demand. In this way it was 
planned that independent testing of changes in customer induced work flows and AF 
induced change in systems configuration could be considered in a suitable virtual 
environment; but that coherence of modelling would be maintained as all the 
contributing elemental models, at required levels of abstraction, would be conceived 
and encoded with reference to the same parent organisational model encoded by the AF 
EM. However it was decided that the design of any experimental production system 
configuration should be made with reference to stereo-typical decision makers that can 
be observed in AF, and indeed in other MEs. 
 
This case study is an extended version of the case study in Chapter 6. This was chosen 
because it enabled testing of changes in customer-induced work flows i.e. process to 
resource allocations (human systems configurations) due to the company’s assembly 
line requiring frequent change as a result of changes in production product types thus 
also enabling study of the effects of agility against lean manufacturing in the assembly 
line. 
8.2 Decision making about AF production operations  
Several stereo typical decision makers are involved in the production operations in AF. 
Some of these decision makers are described in the following paragraph. 
 
• Planner: has the task of managing mid-term realisation of customer orders. The 
planner needs to be able to prioritise orders based on delivery dates and possibly 
cash flows; thereby to map out a ‘production masterplan’ for the engineering, 
purchasing, make and assembly systems used by AF. 
• Production manager: has to ensure that production masterplan targets are met. 
In the assembly area this requires a need to ensure the availability of parts for 
assembly activities via co-ordinated steers to procurement executives and 
managers of all production plant sections. Thereby managing the overall 
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availability of resources such that there is sufficient human capacity to run the 
assembly line based on current orders (and their volumes and variances) and to 
ensure that the assembly line is sufficiently flexible but cost effective. As earlier 
indicated this can be achieved by means of re-grouping orders and rescheduling 
work or by re-assigning processing operations and resources to work centre 
elements of assembly lines. 
 
• Procurement Persons: need to be able to manage the timely and cost effective 
procurement of parts from suppliers so that they reach production sections 
(including the assembly line) just in time (JIT). 
• HR executives/mangers: must ensure there are sufficient and suitably 
competent human resources available in any given time frame to perform all 
needed activities in the production plant, be it via employing full time workers 
or part time/contract staff (such as when production sections have peaks of work 
load or need ad-hoc support.  
• Product designer: must be able to amend or re-design required parts/ products 
(ordered by customers); such as by considering the ‘complexity‘ of the 
manufacturing/ assembly processes involved, e.g. so that major changes in 
production layouts/ jigs etc are not needed. This should ensure effective use of 
resources & minimise costs. 
• Cost engineer: must be able to estimate cost that is influenced by the volume 
and variance of products into the manufacturing system. The estimation is done 
by considering the production lead time, throughput, resources needed, capacity 
available.   
8.3 Need to decision-support Lean and Agile engineering in AF 
Due to their customer demand dynamic (i.e. changing demand for different product 
types and the significant variation in required product quantities) the operations of the 
AF assembly systems need to change regularly. It was observed that AF deploys two 
types of assembly system termed ‘batch build’ and ‘lean cells’. Both of these assembly 
system types are run in the form of a production line. Batch build lines can enable 
significant levels of flexibility both within work stations (or work centres) & in the 
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variety of ways that those work centres are configured, e.g. they can operate 
sequentially or in parallel, to suit a current customer dynamic and where the activities 
performed by people assigned to the work centres (that constitute any production line) 
are programmed by the use of assembly drawings called ‘planograms’. While Lean cells 
are designed to minimise waste and operate in a balanced way compared to batch build 
lines they are inflexible.  
 
However it was important when constructing her experiments that the author needed to 
bear in mind the limited study time she had available and her limited access to the 
actual plant realities; and most importantly that her overall aim was to 
test/exemplify/develop her systematic modelling approach rather than deliver specific 
AF solutions. However by developing her integrated (structure and behaviour) 
modelling approach she had in mind that following researchers could advance aspects 
of generic manufacturing systems engineering (such as by  informing decision making 
about the benefits & dis-benefits of deploying Lean and/or Agile manufacturing 
systems). The research quality is maintained such that the methodology proposed in the 
research works is performed consistently throughout this thesis. The data i.e incoming 
input data and workstation production time was statically induced due to lack of actual 
plant data, however details such as product type, the assembly activities and partially 
the structure of the assembly line resembles the actual production assembly line in AF.    
Also that by doing specific case AF modelling at a partially superficial level the 
company could decide if in the future they need to support and conduct more detailed 
analysis in preparation for the adoption of new operational policies to shape their 
product realisation and/or alternative production system configurations. 
8.4 Multiple Purposes of SMs derived from the AF EM 
 
Hence it was observed that one or more SMs were needed to inform the decision 
making of relevant user groups in AF. Those SMs will need to be able to virtually 
model possible dynamic behaviours of the AF production system (and its make & 
assembly system elements) in response to predicted patterns of customer demand and 
product variances.  
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Potentially results obtained when studying simulated behaviours of the AF production 
system can analytically and predictively inform (long, medium and short term) 
“planning” of individual make and assembly system operations and of collective make 
and assembly operations such that the AF factory as a whole functions competitively.  
 
However informing all planning functions on long, medium and short time frames was 
observed to require a number of ‘fit for purpose’ SMs that make specific simplifications 
about the reality that match particular needs of different SM user groups. This 
assumption was made because any single SM would likely need to be as complex as the 
real production system if it were to inform all decision maker groups in ‘fit for purpose’ 
ways.  
8.5 Scope of SM and targeted users 
 
Due to high levels of production system complexity in AF, the researcher could not in a 
single PhD study address all various decision making requirements of all potential SM 
user groups. 
 
Therefore it was decided that this study would demonstrate the use of the authors’ 
developed modelling approach and its derivative SMs, with a focus on enabling the 
decision making of (I) two SM user groups in respect of (II) assembly systems 
“planning”. 
 
Hence SMs were designed, and their experimental use prototyped with a longer term 
view to supporting (a) Production managers; (b) Procurement executives- Planners; and 
(c) co-ordinating production management and procurement decision making needed to 
realise typical assembly operations in a competitive “manner”. 
8.6 Fundamental assumptions & assumption testing 
Because AF had recently designed their Lean assembly cells with a view to minimising 
waste they had already determined the nature of assembly roles that must be performed 
within their Lean cells with a view to achieving a line balance (i.e. constant Takt time). 
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This meant that AF engineers had already sought to ‘design their Lean cells’ with a 
view to minimising variations in operation times taken to perform assembly roles within 
the assembly work centres comprising that line; such that when operators have 
‘average’ skill and motivation levels and are assigned to assembly roles the line should 
operate with minimum production bottlenecks. 
 
However the author was of the view that in reality this assumption made by ARTFORM 
engineers was unlikely to prove true. This is because different POP products realised by 
AF require distinctly different processing activities associated with these roles and this 
would mean that the Lean assembly cells will in practice have different operation times 
and require different line balances. Furthermore the then current practice in ARTFORM 
was often to hire agency operators and deploy them on assembly lines on an ad hoc 
basis; so that significant variation in operator assembly skill and motivation would be 
highly likely. A further observation made by the author was that any variations in delay 
because of the un-availability of POP components (from either components made in-
house by AF or purchased from AF suppliers) could also significantly affect the extent 
to which a line balance could in reality be achieved; and that without analytical support 
to predict causality rising from changing factors it was assumed to be probable that AF 
will not be able to maintain a good line balance meaning that poor throughput and lead-
time performance and high WIP levels will continue to result.  
 
Therefore when designing later simulation experiments, one aim of this researcher was 
to test the AF assumption about the company really being able to maintain a constant 
line balance and thereby benefit from Lean working. Here it was planned to: (I) change 
people assignments made to defined roles in a virtual environment; and (II) virtually 
predict likely impacts arising from the assembly processing of distinctive POP products. 
8.7 AF assembly configuration to be systematically 
investigated 
 
Further it was observed that there are two types of change that occur in AF production 
& assembly operations i.e. externally induced change and internally induced change. 
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Specific case examples of these types of change are described further, in later thesis 
sections, however their generalities were considered as follows. 
 
 Externally induced change: in this study this was considered to relate to impacts 
of customer dynamics. More specifically in the authors’ case study historical 
and possible future customer induced dynamics related to Rimmel (from the 
Cosmetic sector) and Vodaphone (from Telecommunications) POP products 
were chosen for investigation. Also more specifically it was decided to study the 
impact of product mix and volume demand on the operation of three differently 
configured assembly systems, namely: 
i. Assembly line for the cosmetics POP product Rimmel  
ii. Assembly line for the telecommunication POP product Voda  
iii. Assembly line for mixed realisation of Rimmel and Voda products 
 
 Internally induced change: in which change in resource system re-configuration 
(normally informed and directed by line or cell supervisors) results in a re-
distribution of people competencies and people performance levels to assembly 
roles. More specifically in this case it was decided to experiment with change in 
stereo-typical operator assignments to pre-defined roles, resulting in:  
 
1. Change of operator performance levels; hence change in average 
operation times leading to line imbalances  
2. Change in operator skills possessed constraining the assembly processing 
of some products on a Lean assembly line  
3. Change in operator skills possessed leading to change over time 
constraints 
8.8 Experimental design, input data and key performance 
indicators 
 
It follows that three sets of simulation modelling experiments were conceived in respect 
of what was viewed as being three different assembly line configurations; that reflect in 
part the observed reality of different operational set ups in ARTFORM, namely:1) an 
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Assembly line used for cosmetics POP products in response to customer orders from 
Rimmel 2) an Assembly line used for telecommunication POP products ordered by 
Vodaphone and 3) an Assembly line used for the mixed assembly of two distinctive 
product types ordered by  Rimmel and Vodaphone.  
 
The focussed objectives of this experimentation were: to model the assembly of 
distinctive Rimmel and Voda products so as to:  
1. To demonstrate the feasibility and pros and cons of systematically building an 
explicit model of the ARTFORM enterprise and then to re-use its explicit process 
& resource descriptions when coding up one or more derivative simulation 
models that simulate the operation of production systems within the context of 
that EM as they realise current and possible future patterns of workflow; and 
thereby to facilitate decision making. 
2. To case test the systematic building of an EM and its derivative SMs such as to 
support decision making aimed at specifying assembly line configuration which 
have a suitable line balance for the line given specific patterns of customer order 
demand 
The different configurations of process, resource and work flow sub-systems 
incorporated into the three modelled assembly lines were in part conceived by the 
researcher; in that they do not fully portray the actual assembly line configuration used 
in ARTFORM Ltd. This was primarily because the author did not have sufficient access 
to real plant operations. Further she was also advised that actual set up are determined 
in a partially ad hoc way by line supervisors (albeit based on experience of what 
previously had appeared to work for similar product types) and that normally once a 
line configuration /set up had been established with assigned roles, operators, and 
workflows it was maintained for the current production run; or until another supervisor 
was assigned to the line.  Hence although AF engineers had assumed they had pre-
determined the optimal line configuration so that in theory it is ‘statically balanced’ in 
practice line supervisors exercise personal discretion and make significant modifications 
to actual line set ups used. 
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A study of the three part real, part imagined configurations was therefore designed to 
achieve objectives 1 and 2 above, namely: to illustrate a conceptual on-going re-use of 
the process, role and role holder descriptions previously encoded into the EM of 
ARTFORM and recoded into SM’s to capture key aspects of the ‘dynamism’ of the 
production system; and to illustrate in outline, to AF engineers, planners and line 
supervisors, that improved performance outcomes (such as reduced lead-time and WIP 
and increased assembly system) can be achieved if their decision making can be 
partially supported by the use of simulation models of alternative assembly systems 
configurations (describing workstation roles, people assignments and work flows) 
which predict how those structural configurations will likely behave in response to 
required & planned changes in production demand. 
 
As discussed earlier the conceptual design of the SMs used to model the behaviours of 
the three AF assembly line configurations had previously been structurally defined, 
within the context of wider AF product realisation, by following the authors’ systematic 
modelling process which comprises (a) decomposing the product realising processes of 
the subject ME, thereby specifying the operational requirements and context of the 
assembly line being modelled, (b) by attributing resources to process oriented roles 
forming the conceptual subject assembly line, and (c) inputting alternative 
configurations of customer demand to the simulated line to observe and quantitatively 
predict production system behaviours. 
 
Having conceptually designed the experimental SMs, it was decided the line designs so 
specified would be implemented using the Simul8 discrete event modelling tool. Simul8 
was therefore selected to implement and experiment with the conceptualised designs of 
the three AF assembly line configurations chosen as the study focus in AF.  
 
Simul8 simulations are time based and involve some approximated characterisation of 
interactions between activities, resources and constraints. The choice of simulation tool 
was made based mainly because (A) it had proven effective as a tool for production 
system simulation experiments performed by other MSI researchers  and (B) at the time 
of this case study work the tool was the only suitable tool available (with a current 
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licence) to this researcher. The need to deploy a new (to the author) simulation 
modelling tool was unavoidable and required the author to develop new modelling skills 
when using this tool but the tool choice has proven to be effective in realising the study 
aims. 
 
Input data: To accomplish the study aims the author needed to determine realistic 
inter-arrival times of different product inputs to the three assembly line configurations. 
This was achieved by studying historical production plans used by AF. Also the author 
needed to input estimates of: process operation times at workstations, operator 
performance levels, and operator costs. Having estimated and specified the hourly cost 
of different stereotypical operators it was decided that some costing decisions might 
usefully be supported by deploying an activity based costing function provided by the 
Simul8 tool to determine operator related assembly costs during the running of 
simulation experiments.  
 
In this study no attempt was made to model all assembly costs; rather the focus was on 
modelling the relative manufacturing costs of deploying alternative stereo typical 
operators to support some aspects of planning decision making aspects about the cost 
impacts of allocating staff to assembly roles. Therefore focus of attention was paid only 
on modelling the value generation and cost behaviours of operators given different 
operator assignments and workloads 
 
KPIs: The chosen performance indicators in the SM relate to previously described user 
groups (i.e. decision makers) in ARTFORM. Also the experiments conducted in this 
chapter were designed to answer the following questions: 
 Q1- Is configuration A able to process a customer order on time? 
 Q2 -And will it be able to do that for all product types or only some of them? 
 Q3 -And how much will the assembly processing cost be?  
 Q4 -What bottlenecks will occur and what will be the cost of delays or re-works 
caused? 
 Q5- And how much will set-up costs be if the same line is used to produce two 
products? 
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 Q6 -Can configuration B process a customer order more quickly, or cheaply or 
with reduced errors/re-work than configuration A?  
 Q7 -Is configuration A better at assembling products type Artform in time frame 
T1 than configuration B, and under what operating conditions is configuration B 
better than configuration A 
 
Thus, based on the questions listed above the KPIs chosen in the following experiments 
were as follows: assembly line lead time, throughput, the cost of each configuration of 
human system and bottleneck indicators because these key indicators are closely related 
to the question list and in practice are monitored by the intended targeted users listed in 
8.5.  
 
8.9 Experiment Implementation 
 
The set of SM experiments performed during the author’s ARTFORM case study were 
divided into three different sub cases involving the use of three different assembly line 
configurations, namely for the assembly of the cosmetics POP product Rimmel, the 
second line configuration is designed to model assembly lines used to assemble 
telecommunications POP product Vodaphone and the third configuration models a 
fictitious (possible ‘to be’) assembly line used for mixed product assembly of Rimmel 
and Vodaphone.  
8.9.1 Experiment 1: Assembly line for cosmetics POP product 
Rimmel 
The basic set of processing activities needed to assemble Rimmel point of sale 
equipment is as shown in Figure 8-1; which is an activity diagram which forms an 
integral part of the previously created ARTFORM EM. 
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Figure  8-1: Enterprise Model (EM) in Rimmel assembly line. 
 
The semi-generic activity flow shown in figure 8-2 is a graphical re-representation of 
this assembly process used in AF to realise the assembly of all Rimmel products. This 
activity flow is semi-generic in the sense that it describes at a given abstraction level a 
process used for one product grouping; although the assembly processing of other 
product groups (such as the Vodaphone product group) requires a modified activity 
flow. As a part of the author’s systematic modelling figure 8-2 was derived from the 
relevant segment of the ARTFORM EM’s model shown previously in Figure 8-1. Also 
when following the authors’ systematic approach the next modelling step would 
normally be to group the required semi-generic assembly activities  defined into a set of 
assembly processing roles that can be performed by suitable sets of (people, 
electromechanical machine and IT system) resources which have the prerequisite 
Chapter 8: Methodology for Modelling Human Systems within specific case MEs 
 
 
Siti Nurhaida Khalil 209 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
processing competencies to realise the processing operations of the current product 
group.  
 
This case study is an extended version of the case study in Chapter 6. This was chosen 
because it enabled testing of changes in customer-induced work flows i.e. process to 
resource allocations (human systems configurations) due to the company’s assembly 
line requiring frequent change as a result of changes in production product types thus 
also enabling study of the effects of agility against lean manufacturing in the assembly 
line. 
 
Figure 8-2 was developed for AF’s Rimmel current assembly line configuration, by 
following this systematic process. Figure 8-2 portrays the assigned pairings between 
roles and role holders in that line; thereby providing a simple visualisation of the line 
configuration from combined process and resource sub-system points of view. Based on 
a more detailed analysis of the assembly sequences, and their possible breakdown into 
viable roles, and needed functionality of role holders, Table 8-1 was also constructed. 
This table describes the assigned Functional Operation and Functional Entity pairings 
needed for the Rimmel line as it assembles Rimmel products. 
 
 
Figure  8-2: Assembly activities that link Roles requirements and Role holders for the 
Rimmel product group 
It followed that the SM configuration to be implemented by the author needed to mirror 
the real PS configuration used for Rimmel product assembly. As graphically described 
by figure 8-2 therefore the Rimmel SM was built to comprise 8 work stations for which 
Chapter 8: Methodology for Modelling Human Systems within specific case MEs 
 
 
Siti Nurhaida Khalil 210 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
a separate operator is assigned as a role holder in each works station; i.e. a total of 8 role 
holders were assigned in the ‘as is’ configuration of the Rimmel line.  
Having implemented and tested the basic functioning of the Rimmel SM (which it 
should be re-emphasised was derived systematically from the relevant segment of the 
AF Enterprise Model and had been populated with semi-realistic role and people data) it 
was assumed that this SM reflected the actual organisational structures (and hence 
configuration of the Rimmel assembly line). Hence the author moved onto the next 
stage of her systematic modelling approach; namely that of using the (Rimmel) SM to 
carry out experiments that can facilitate various kinds of decision making about the line 
operations by predicting likely behavioural outcomes given different product demand 
patterns. 
Rather than input historical patterns of customer demand for Rimmel products to the 
Rimmel SM, the input demand rate was modelled as a stochastically determined inter-
arrival time. This approach was taken because the use of a stochastically determined 
inter-arrival time provides random variation over time because appear to be reflecting 
the actual inter-arrival incoming parts into assembly line where it is randomly varied 
and provide realistic inter-arrival rates into the assembly line. Having said that, the 
random variation in the simulation modelling provides realistic inter arrival rates to 
Planners and Production manager’s production planning. Further because little actual 
data was available to the researcher about the operation times taken by different 
operators then processing times at each work station were estimated having considered 
unit assembly operation sequences performed at each actual work station. Thus, the data 
i.e incoming input data and workstation production time was statically induced in the 
simulation modelling software. This led to the set of modelling assumptions shown in 
Table 8-2 and Table 8-3:  
Chapter 8: Methodology for Modelling Human Systems within specific case MEs 
 
 
Siti Nurhaida Khalil 211 Human System Modelling in Support of 
  Manufacturing Enterprise Design and Change 
 
No 
 
Functional Operations (FO)/Roles 
at WorkCenters 
 
Functional Entities (FE)/ Candidates or 
Competencies possessed by Role Holders
1.  
Ra 
Assemble 
carcass 
Assemble side 
panels  
Assemble top and 
bottom panels 
Assemble 
mounting plates 
Insert shelves 
RH1 
Able to use power drills and read 
and understand planograms from 
design department. 
2.  
Rb 
Electrical 
Wiring 
Install wiring at 
the mounting plate 
according to the 
wiring diagram  
RH2 
Able to understand electrical 
wiring diagrams and basic 
knowledge about the electrical 
and electronic wirings of all 
needed components 
3.  
Rc 
Assemble 
component 1 
Insert part A 
Insert part B RH3 
Be literate and able to understand 
planograms.  
4.  
Rd 
Assemble 
component 1 
Insert part A 
Insert part B RH4 
Literate and able to understand 
planograms 
5.  
Re 
Assemble 
component 2 
Insert part C 
Insert part D RH5 
Literate and able to understand 
planograms 
6.  
Rf 
Assemble 
component 3 
Insert part E 
Insert part F RH6 
Literate and able to understand 
planograms 
7.  
Rg 
Assemble 
component 3 
Insert part E 
Insert part F RH7 
Literate and able to understand 
planograms 
8.  
Rh 
Inspection 
To perform visual 
inspection and 
electrical testing.  
RH8 
Literate and able to understand 
planograms. Also has the ability 
and train to perform electrical 
inspection and ability to use the 
testing equipment  
 
Table  8-1: FO and FE for Rimmel 
The production parts arrival rate is shown in table 8-2. 
 Monday
(qty) 
Tuesday 
(qty) 
Wednesday
(qty) 
Thursday 
(qty) 
Friday 
(qty) 
08:00-09:00 5 5 5 5 5 
09:00-10:00 5 5 5 5 5 
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10:00-11:00 5 5 5 5 5 
11:00-12:00 8 8 8 8 8 
12:00-13:00 8 8 8 8 8 
13:00-14:00 5 5 5 5 5 
14:00-15:00 5 5 5 5 5 
15:00-16:00 6 6 6 6 6 
16:00-17:00 3 3 2 2 2 
Table  8-2: Parts arrival rates for Rimmel 
No SM properties Statistic distribution type  
 
1.  Input Exponential Distribution, (parts arrival rates)  
Input Value (mean) =15 minutes 
2.  Assembly 1 Average Distribution  
Input Value= process time in Table 8-5 
3.  Assembly 2 Average Distribution 
 Input Value= process time in Table 8-5 
4.  Assembly 3 Average Distribution  
Input Value= process time in Table 8-5 
5.  Assembly 4 Average Distribution  
Input Value= process time in Table 8-5 
6.  Assembly 5 Average Distribution  
Input Value= process time in Table 8-5 
7.  Assembly 6 Average Distribution  
Input Value= process time in Table 8-5 
8.  Assembly 7 Average Distribution  
Input Value= process time in Table 8-5 
9.  Assembly 8 Average Distribution  
Input Value= process time in Table 8-5 
Table  8-3: Statistical Distributions input in SM for Rimmel Assembly line.  
Two types of statistical distribution were used when experimenting with the Rimmel 
SM, namely Exponential Distributions and Average Distributions. These two different 
sets of statistical distribution were used in the experiment to generate random numbers 
in the experiments i.e. exponential distribution is used for arrival time and average 
distribution is used for estimating average processing times. This approach was taken 
because the use of a stochastically determined inter-arrival time provides random 
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variation over time and because it appears to be reflecting the actual inter-arrival of 
incoming parts into an assembly line where it is randomly varied. Exponential 
distribution was chosen as an input distribution because it is suitable for process which 
the events occur continuously and independently at a constant rate (Miles and 
Huberman 1994; Triola 2010).  For example, the demand inputs to the assembly line are 
assumed to occur at specific intervals of time i.e. 15 minutes and the incoming products 
coming into the assembly line is assumed to be independent (i.e. does not depend on 
previous batch’s information) because this reflects a variation in customer orders which 
is random over the operation times of the assembly line. 
 
Average distribution was chosen for workstation distribution to estimate processing 
time. On top of that average distribution in this SM is actually a normal distribution. 
The standard deviation in the average distribution is 25% or 0.25 from the actual value 
of the mean processing time. This is because the random number variation (in this case 
the process time at workstations was assumed to have large variation) i.e. between 
approximately 25% or 0.25 from the mean (actual values of process time) (Triola 2010). 
The average distribution function was chosen by the author in this SM experiment 
because of limited data on AF actual operating information being available to justify the 
use of a parameterized statistical distribution. In the SM only values of the estimated 
mean (in this case process time i.e. minutes) was used as input at workstations. 
8.9.1.1 Workers performance level  
In this experiment, the deployment of three types of worker configuration (set 1, set 2 
and set 3) were investigated. The operators were classified within three different types 
i.e. expert, practitioner and trainee. These three types of workers were assumed to 
function at different rate or speed or operation times; thus performance levels were 
determined by the speed of the workers performing their job in the assembly line. These 
three types of workers were assumed to exist in the real working configuration however 
little practical time study work was performed by this author in ARTFORM; in terms of 
measuring the performance of assembly line workers. Hence the author assumed that 
the operation times for these stereo type workers would normally be in the ratio outlined 
as follows: persons B & C (B- practitioner and C- trainee) can perform a given role at 
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different rates resulting in operation times of 10 minutes and 15 minutes respectively; 
but the time taken by an expert is 7.5 minutes. This ratio can also be viewed in table 8-3 
below:  
 Expert Practitioner Trainee 
Operation Time  7.5 10 15 
Performance ratio 7.5/7.5= 1 7.5/10= 0.75 7.5/15=0.50 
Table  8-4: Workers performance level ratio 
Table 8-4 predicts that an expert (Person A) will perform faster than a practitioner 
(Person B) and a trainee (Person C) and that under certain dynamic conditions this will 
induce higher line throughput as compared to person B and C. The workers 
configuration is detailed further in table 8-7. 
8.9.1.2 Processing times 
Processing times (or operation times) assigned to workstation roles in the SM (along 
with any assigned statistical distributions) are assumed to mimic the actual time taken 
by role holders as they perform the activities assigned to them. The time taken to carry 
out any given processing operations is linked to the rate at which competent workers 
can perform assigned processing activities. The first condition to be met however is that 
selected workers must possess the skills/competencies to perform the activities. But 
some operators will outperform others as they can work faster than others; i.e. they 
perform better in the role assigned. Because the author had limited access to plant data, 
the actual process (operation) times at the various workstations was not available. 
Furthermore evidently even had that information be available those operation times 
would have varied with operator assignments and product types processed. Even the 
same operator would likely work at a variable rate dependent on their current 
motivation level and or level of fatigue. Therefore the author assumed that we can 
gather such evidence but that in her simulation experiments it would be necessary to 
estimate such information and place some limits on likely variations that might occur. 
For example, consider the case where we have evidence that persons B & C (who are a 
practitioner & a trainee) can perform a given role satisfactorily but at different rates 
resulting in operation times of 10 minutes and 15 minutes respectively; but the time 
taken by an expert is 7.5 minutes. 
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Hence when parameterising operation times of ‘role-role holder’ couples; it is 
reasonable to assume that any ‘role- practitioner couple’ will perform faster than a 
corresponding ’role-trainee couple’ by the ratio 0.75 to 0.50. This kind of assumption 
was embedded into parameter values of the AF SMs but it was understood that via time 
study actual variations in ‘role-role holder couples’ could be measured and input into 
the same SM if the author simplification were deemed by relevant AF decision makers 
to be inappropriate. Based on the assumptions above, the variables are tabulated as 
shown in table 8-5: 
 
Competency 
class 
Process time 
(minutes) 
Parameterised Operation 
time 
Performance 
level 
ratio 
Expert 7.5 7.5/7.5 1 
Practitioner 10 7.5/10 0.75 
Trainee 15 7.5/15 0.50 
Table  8-5: Process time and performance level of workers in assembly line. 
To recap, configuration 1 was constructed to test and predict the effect of change of 
operator performance levels in the Rimmel assembly line. In this case the author 
defined 3 sets of configurations of ‘role-role holder couples’ for the Rimmel lines; with 
their different parameterised sets of processing rates and derived operation times. The 
experiments were designed to compare the impacts of using these three different worker 
configurations on chosen KPIs, namely lead time, throughput, the cost of each 
configuration of human system and bottleneck impacts. 
As discussed in section 8.2, the model users i.e. decision makers in this company have 
stereo-typical functions with related KPI interests as shown in the table 8-6. However, 
the application areas of these KPIs during experiment 1 reflect ‘fit for purpose’ needs of 
production manager, planners and cost engineer only.   
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 Production 
Managers 
Cost 
Engineer 
Planners Procurement Product 
Engineer 
HR 
Executives 
Lead time       
Throughput       
Cost/configur
ation 
      
Bottlenecks       
Table  8-6: KPI measured for intended users in ARTFORM 
The related assembly line configuration for this experiment is shown in table 8-6. 
Work 
station 
Set 1 
Operation time (mins) 
Set 2 
Operation time (mins) 
Set 3 
Operation time 1(mins) 
Assembly 1 E 7.5 P 10 T 15 
Assembly 2 E 7.5 P 10 T 15 
Assembly 3 E 7.5 P 10 T 15 
Assembly 4 E 7.5 P 10 E 7.5 
Assembly 5 P 10 T 15 P 10 
Assembly 6 P 10 E 7.5 P 10 
Assembly 7 P 10 E 7.5 P 10 
Assembly 8 T 15 E 7.5 E 7.5 
*E-expert, P-Practitioner, T-Trainee 
Table  8-7: Operators configuration and operation times for experiment 1 
The people allocations in Table 8-7 were derived, based on: in Set 1, most of the role 
holders are Experts; in set 2 the role holders have more Practitioners performing their 
roles; and in set 3 mostly Trainees were allocated in the assembly line. This was to 
investigate the effects of people capabilities and different people allocations to the 
assembly line 
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8.9.1.3 Workers cost 
The author assumed that hourly cost of operators/workers in the assembly system will 
vary with their expertise. This will be because expert workers will likely have gained 
greater skills and competencies than less competent ones, either while working on 
similar tasks for longer or by being trained; hence the assumption that pay levels of 
experts, practitioners and trainees will be different. It is understood that greater 
overheads may have been expended in recruiting highly competent people, as opposed 
to less competent ones. Also understood is that there will be management costs 
associated with planning and running assembly systems; and that where machine 
systems need to be used by operators to perform operations this will incur capital costs 
that normally will need to be repaid possibly over a specified number of years. But in 
this study the primary costs being modelled are activity based costs in the assembly 
section of the company, namely costs which can be attributed directly to the production 
of a particular product or group of products. Hence it has been assumed that overhead 
costs of various kinds can be ignored for the purposes of comparing the activity based 
cost of different role holder configurations used to generate values when realising 
similar product types. 
 
Hence the author has much simplified her cost modelling by assuming that at any 
workstation the average cost of processing activities on any product type will be equal 
to: 
                      Average Cost [AC] = ∑ Ave OW x Hc   (Equation  8-1) 
Where: 
 ∑ Ave OW is defined as the sum of average operation times plus waiting times 
needed at each distinctive stage of product processing 
 Hc is the hourly cost of all operators needed to accomplish that processing stage 
 
This equation was designed being cognisant of the fact that AF assembly line 
imbalances will result in operators waiting for work where it is also assumed that they 
cannot readily be redeployed on some other value generation work while they wait. 
Also in the AF assembly minimal machine systems are used to support operator 
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processing hence the cost of machine/technical systems has been ignored but this could 
have been accounted for had it been considered significant. 
 
By such means it is assumed the activity based total cost for different product types can 
be computed by the SM tool as simulations are run and then the modeller or decision 
maker can interpret differential product costs predicted by the simulation experiments; 
such as when doing cost estimating in support of product pricing or contract 
negotiating. This opportunity is also assumed because given a particular demand 
configuration (of product types and quantities required in a given time frame) the 
simulation tool can compute the processing and waiting times at each workstation; and 
thereby can compute and graphically represent changes in processing costs given 
changes in operator assignments to roles. 
 
In addition however the author decided to use the SM model and tool to simply 
illustrate and compute the dynamics of values being added (to products) when assembly 
operations are performed via different assignments of operators to workstation roles. 
Here a very simple equation was used and computed by the Simul8 tool, namely: 
 
VA = ∑Ave PRt x P                             (Equation  8-2) 
Where 
VA = Values added by the assembly system in any given time window  
∑Ave PRt = the sum of the average rate of product realisation 
P = the average price of the products realised 
 
Value generated per unit ratio in this experiment = Value generated during the assembly 
process (VA) / the cost of operators during the assembly (process time + waiting time) 
 
Value generated/ unit = VA / AC           (Equation  8-3) 
By such means it was assumed that for a variety of demand profiles the modeller and 
various engineering and planning decision makers could deploy SM results related to 
the ratio of the totals generated by equations 8-2 and 8-1 respectively: to obtain a 
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measure of the ‘quality’ (or ‘fitness for purpose’) of different assembly system 
configurations. 
 
This kind of thinking was considered to be useful to AF engineers and planners. 
However it was also understood that other companies might express product realising 
costs and values in different ways; but it was likely that those accounting differences 
could be accommodated within the author’s systematic approach to modelling complex 
MEs and their production systems. 
  
The screenshot for configuration 1 is as shown in figure 8-3, which portrays the 
assembly layout for POP product Rimmel.  
Figure  8-3: Screen shot of the Simul8 model of Rimmel product assembly process 
8.9.1.4 Results 
Lead time and throughput  
As mentioned earlier, lead-time and throughput are two KPIs evaluated during 
experiment 1. The enumerated values of these KPIs are used as a reference to indicate 
Input Output 
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the ‘performance’ of each operator configuration studied in the experiment.  The values 
generated and captured via the SM are tabulated in table 8-8. 
 
Configuration Lead-time (min) Throughput (nos) 
Set 1 189 147 
Set 2 412 117 
Set 3 717 79 
Table  8-8: Results from the SM for throughput and lead time 
Figure 8-4 describes the lead time and throughput relationship shown below 
 
Figure  8-4: Lead time and throughput relationship 
Staff Utilisation 
Staff utilisation is a KPI which can show the percentage of the available time of a 
resource that has been used up by work centres. For example if 2 expert staff are 
constantly used at a workstation their utilization will be 100%. Working percentage in 
the SM shows the workstation processing work items percentage. For example if the 
workstation A working percentage is higher i.e. >80% compared to workstation B 
working percentage i.e. < 50%, this can be used to signal that a bottleneck occurs at 
workstation A and in turn this will signal that a line imbalance has occurred. The 
assembly line output is the value (or number) of (POP) work items that exit at the rear 
end of the SM; and input is the number of (POP) work items that enter at the front end 
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of the SM (refer to figure 8-3). Staff utilization percentage provides information such 
as. worker’s capacity and bottlenecks in the assembly line (table 8-9). 
 
Staff Set 1 
Percentage 
Utilisation (%) 
Set2 
Percentage 
Utilisation (%) 
Set 3 
Percentage 
Utilisation (%) 
Expert 54 29 20 
Practitioner 27 62 28 
Trainee 71 95 75 
Table  8-9: Staff Utilization percentage result at for configuration 1, 2 and 3 
 
Figure  8-5: Staff Utilization percentage result for configuration 1, 2 and 3 
Workstation working percentage 
Workstation working percentage provides information related to bottlenecks and 
therefore can inform persons concerned with balancing the assembly line. The 
bottleneck results for experiment 1 are tabulated in table 8-10. The behaviour of the 
work centres’ working percentage is graphed in figure 8-6. 
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Assembly 
workstation 
Set 1 
Working Percentage 
(%) 
Set 2 
Working Percentage 
(%) 
Set 3 
Working Percentage 
(%) 
1 47 50 50 
2 47 50 52 
3 14 2 13 
4 31 47 18 
5 63 73 34 
6 35 19 18 
7 30 19 16 
8 87 35 23 
Table  8-10: Workstation working percentage for Configuration 1, 2, and 3 
 
 
Figure  8-6: Workstation working percentage for Configuration 1, 2, and 3 
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Cost calculation: 
Operators cost 
By using the workers cost equation (Equation 8-1), the Average Cost (of operators) was 
computed and tabulated into table 8-10 by the Simul8 tool. The value for the average 
operation time was derived from SM results for the 3 different sets of operator 
configurations. Due to minimal access to the plant’s data, the workers’ hourly cost was 
assumed by the author (by referring to UK minimum wages hourly rate as a reference) 
such that the cost for an expert is £10.00/hour, practitioner is £8.00/hour and a Trainee 
is £7.00/hour. 
 
Value generation  
The assembly line average rates of product realisation data was captured from the SM 
‘Output’ value. To use this rate to enumerate the art of value generation the price of 
Rimmel POPs was assumed by the author to be £2000.00 per unit. Thus the calculation 
for value generated in the experiment is as shown in table 8-11 below. 
Cost Calculation Set 1 Set 2 Set 3 
Calculation 
for 
determining 
Average 
Cost (AC) 
1. ∑ Ave OW 
(average op time, 
hour) 
189/60 =  
3.15 
412/60 =  
6.86  
717/60 = 
12 
2. Hc 
(Hourly operator 
cost, £) 
[(4x10)+(3
x8) 
+(7)] = 71 
[(3x10)+(4
x8) 
+(7)] = 69 
[(2x10)+(3x8
) 
+(3x7)] = 65 
3. AC= ∑ Ave OW X 
Hc (£h) 
234 473 780 
Calculation 
for 
determining 
Value 
Added  
(VA) 
1. Output =∑Ave PRt 
(throughput, unit) 
147 117 79 
2. P (Average price of 
product realised, £ ) 
2000.00 2000.00 2000.00 
3. VA=∑Ave PRt  X P 
(£unit) 
294,000.00 234,000.00 158,000.00 
Value Value generated = 1,258.29 494.71 202.56 
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Generated VA/AC 
  Table  8-11: Cost calculation for 3 sets of workers’ configurations 
Figure 8-7 described value generated per unit ratio that is derived from cost equation 8-
1, 8-2 and 8-3. 
 
Figure  8-7: Value generated per unit ratio 
8.9.1.5 Reflections drawn from the results of simulating the operation of AF’s 
Rimmel assembly system  
The KPIs for this experiment were derived by considering information needed to 
answer the set of 7 questions listed in section 8.8. With reference to these questions the 
results recorded in section 8.9.1.4 are discussed and reflected upon in table 8-12.  
KPI achievement SM results and answer 
Q1- Is configuration Set 1 able to process 
a customer order on time? 
 
From the results, Set 1 yields highest 
throughput, i.e. 147 units in 2400 minutes 
or 5 working days. If the customer order is 
within or lower than this limit i.e. 147 
units in 5 working days then this 
configuration is able to process the order 
on time. 
Q2 -And will it be able to do that for all 
product types or only some of them? 
 
As this experiment only considered 
assembly of one product this result is only 
applicable for product Rimmel. 
Q3 -And how much will that processing 
cost be?  
The processing cost (operators’ cost/hour) 
for this experimental set up is between 
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 £234 to £780, depending on workers 
configuration. 
Q4 -What bottlenecks will occur and what 
will be the cost of delays or re-works 
caused? 
 
In this SM experiment, bottlenecks occur 
in work centre 3 and this slows down the 
process. The cost of delay or reworks 
(operator only) is between £71 to £65 an 
hour. This excludes cost of materials, 
overheads, management etc.  
Q5- And how much will set-up costs be if 
the same line is used to produce two 
products? 
This question is answered by Experiment 
3 
Q6 -Can configuration set 2 or set 3 
processes a customer order more quickly 
or cheaply or with reduced errors/re-work 
than configuration set 1?  
 
From the Rimmel experiment, set 1 
processes customer orders faster and also 
at lower cost (refer table 8-10) as 
compared to other configurations (set 2 
and set 3). VA/AC value for set 1 is 
highest as compared to set 2 and set 3. 
Q7-Is configuration set 1 better at 
assembling product type Rimmel in time 
frame T1 (5 working days) than 
configuration set 2 and set 3, and under 
what operating conditions is configuration 
Set 2 and Set 3 better than configuration 
Set 1. 
 
The SM experiment showed that 
configuration for Set 1 is better when 
compared to Set 2 and Set 3.  
Set 2 and 3 maybe better than 1 when the 
customer orders have a later delivery date 
and a shortage of expert workers. 
Table  8-12: Rimmel experiment results linked to KPI. 
Thus SM experiment 1 fulfilled the perceived needs of targeted users i.e. Production 
Managers, Planner and Cost Engineers based on the discussion shown in table 8-11.  
8.9.1 Experiment 2: Assembly line for telecommunication POP Voda 
The segment of the EM used to define configuration 2 for the assembly line used for 
Voda telecommunication products is portrayed in Figure 8-8. Also in a similar fashion 
to configuration 1, the Voda assembly layout was implemented in the form of 
configuration 2: however unlike configuration 1, the number of configuration 2 
workstations is reduced to 5. The activities or roles in each workstation required 
relatively minor change, because of the changed assembly processing needs of this 
second product type, which in turn needed marginal increase in the skills possessed by 
the workers.  
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Figure  8-8: Enterprise Model (EM) in Voda assembly line. 
The activity flow shown in figure 8-8 is a graphical re-representation of the actual 
assembly process used in AF to realise the assembly of all Voda products. Therefore 
this activity flow was considered to be semi-generic. As a part of the author’s 
systematic modelling, figure 8-9 was derived from the relevant segment of the 
ARTFORM EM shown previously in Figure 8-8. In this systematic approach, the author 
has grouped the required semi-generic assembly activities defined in the EM into a set 
of roles to perform assembly processes by suitable sets of resources be it people, 
electromechanical machines and an IT system. In this case human operators have the 
prerequisite processing competencies to realise the processing operations of the Voda 
product group.  
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Figure 8-9 was then developed for AF’s Voda current assembly line configuration, by 
following this systematic process. Figure 8-9 portrays the assigned pairings between 
roles and role holders in that line; thereby providing a simple visualisation of the line 
configuration from combined process and resource sub-system points of view. Based on 
figure 8-9, table 8-12 was constructed to describe a more detailed analysis of the 
assembly sequences, their possible breakdown into viable roles and functionality of role 
holders. This table describes the assigned Functional Operation and Functional Entity 
pairings needed for the Voda assembly line. 
 
 
Figure  8-9: Assembly activities that link Role requirements and Role holders for Voda 
Figure 8-9 shows the graphical pairing of roles and role holder for Voda assembly line. 
This assembly sequence was then used to further breakdown the activities in Voda 
Assembly. The assembly line was structured into 5 viable roles and defined the needed 
functionality of role holders. An explicit description of roles and role holders in the 
modelled Voda assembly line is as constructed in Table 8-13. This table describes the 
assigned Functional Operation and Functional Entity pairings needed for the Voda line 
for all Voda telecommunication products. Additional skill possessed by the operators is 
described in the table as well. 
 
The stochastic inter arrival times and processing times at the workstation were assumed 
to be similar to those for configuration 1/ experiment 1, however in this second case 
only 5 workstations are modelled in the SM in this particular experiment. Table 8-15 
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was constructed with statistical information input to the SM. Table 8-14 describes the 
parts arrival rates for Voda. 
 
No Functional Operations (FO)/Roles 
at WorkCenters 
 
Functional Entities (FE)/ Candidates or 
Competencies possessed by Role Holders 
1.  Ra 
 
Assemble 
carcass 
 Assemble side 
panels  
 Assemble top and 
bottom panels 
 Assemble 
mounting plates 
 Insert shelves 1 
 Insert shelves 2 
RH1 Able to use power drills and read 
and understand planograms from 
design department. Able to 
understand revised/new 
planograms requirements and 
work towards changes required 
in planograms for Voda 
2.  Rb 
Electrical 
Wiring 
 Install wiring at 
the mounting 
plate according to 
the wiring 
diagram  
RH2 Able to understand electrical 
wiring diagrams and basic 
knowledge about the electrical 
and electronic wirings of all 
needed components. Able to 
understand revised/new 
planograms requirements and 
work towards changes required 
in planograms for Voda 
3.  Rc 
Assemble 
compone
nt 1 
 Insert part A 
 Insert part B 
 Insert part C 
RH3 Be literate and able to 
understand planograms. Able to 
understand revised/new 
planograms requirements and 
work towards changes required 
in planograms for Voda 
4.  Rd 
Assemble 
compone
nt 1 
 Insert part A 
 Insert part B 
 Insert part C 
RH4 Literate and able to understand 
planograms. Able to understand 
revised/new planograms 
requirements and work towards 
changes required in planograms 
for Voda 
5.  Re 
Inspectio
n 
 To perform visual 
inspection and 
electrical testing.  
RH5 Literate and able to understand 
planograms. Also has the ability 
and training to perform electrical 
inspection and ability to use the 
testing equipment  
 Table  8-13: FO and FE for Voda 
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The production parts arrival rate for Voda is shown in table 8-14. 
 Monday
(qty) 
Tuesday 
(qty) 
Wednesday
(qty) 
Thursday 
(qty) 
Friday 
(qty) 
08:00-09:00 5 5 5 5 5 
09:00-10:00 5 5 5 5 5 
10:00-11:00 5 5 5 5 5 
11:00-12:00 10 10 10 10 10 
12:00-13:00 10 10 10 10 10 
13:00-14:00 10 10 10 10 10 
14:00-15:00 5 5 5 5 5 
15:00-16:00 6 6 6 6 6 
16:00-17:00 3 3 3 3 3 
Table  8-14: Parts arrival rates for Voda 
No SM properties Descriptions 
1.  
Input Exponential Distribution.  
Parts arrival rates  input = 15 minutes  
2.  Assembly 1 Average Distribution refer (Table 8-17)
3.  Assembly 2 Average Distribution refer (Table 8-17)
4.  
Assembly 3 
 
Average Distribution refer (Table 8-17)
5.  Assembly 4 Average Distribution refer (Table 8-17)
6.  Assembly 5 Average Distribution refer (Table 8-17)
Table  8-15: Statistical Distributions input in SM for Voda Assembly line. 
Both exponential distribution and average distributions were used in the SM, to 
maintain a similar alignment to the configuration 1 set-up. Exponential distribution was 
used for incoming products entering the assembly line on average every 15 minutes, 
because this method was considered to be suitable for processes where the events occur 
continuously and independently at a constant rate. Average distribution was used in the 
workstation because the process times at each workstation were assumed to be within 
25% standard deviation from the mean process time. 
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Average distribution was used for estimating processing time at workstations. The 
standard deviation in the average distribution is 25% or 0.25 from the actual mean value 
of the processing time. This is because the random number variation (in this case the 
process time at workstations was assumed to have large variation) i.e. between 
approximately 25% from the mean (actual values of process time). Average distribution 
was chosen by the author in the SM because of limited data about actual AF operating 
information available to justify the use of a parameterized statistical distribution. In 
subsequent SM experiment 2 studies only values of the estimated mean (in this case 
process time in minutes) was used as input at the workstations. 
8.9.1.6 Workers performance level  
Workers performance levels input into configuration 2 were the same as for 
configuration 1. Hence the performance ratio of expert, practitioner and trainee is as 
shown in table 8-16 below: 
 Expert Practitioner Trainee 
Operation Time  (minute) 7.5 10 15 
Performance ratio 7.5/7.5= 1 7.5/10= 0.75 7.5/15=0.50 
Table  8-16: Workers performance level ratio 
Three types of worker configuration (Set 1, Set 2, and Set 3) were used in this second 
experimental set up. As for experiment 1, each worker type was assumed to work at 
three different rates. An expert operator was assumed to work at a faster rate compared 
to a practitioner. Also a practitioner was assumed to work faster than a trainee. Thus 
once again these three operator’s types yield different throughputs in the assembly line. 
8.9.1.7 Processing times 
The processing times in configuration 2 were also derived based on the same 
assumptions made in the case of configuration 1. Three types of workers with three 
different performance levels (i.e. expert, practitioner and trainee) are allocated roles in 
the assembly line. In configuration 2, it is assumed that the processing times are 
marginally increased due to change in product type from Rimmel to Voda. This 
experiment was designed to test effects of change in product type (from Rimmel to 
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Voda) in the assembly line; hence where it was appropriate to do so similar assumptions 
and process parameters were adopted  for experiments 1 and 2.  
Once again in experiment 2 the simul8 tool was programmed to predictively generate 
values related to staff utilisation percentage, workstation working percentage, and 
operators cost. Also as before experiment 2 was designed to compare the impacts of 
deploying three different workers sets on chosen KPIs, i.e. lead time, throughput, the 
cost of each configuration of human system and bottleneck indicators. The processing 
times for configuration 2 are referred to in table 8-17.  
Voda assembly was thereby modelled to test and predict the effect of change in operator 
performance levels on the assembly line. In this case the author defined 3 sets of 
configurations of ‘role-role holder couples’ for the Voda lines; with their different 
parameterised sets and processing rates and derived operation times. In table 8-18, the 
three sets of worker configuration i.e. set 1, set 2 and set 3 are defined. 
 
Competency 
class 
Process time 
(minutes) 
Parameterised Operation 
time 
Performance 
level 
ratio 
Expert 10 10/10 1 
Practitioner 15 10/15 0.67 
Trainee 20 10/20 0.50 
Table  8-17: Process time and performance level of workers in assembly line. 
Work 
station 
Set 
1 
Operation 
time 1 (mins) 
Set 
2 
Operation time 
1 (mins) 
Set 
3 
Operation time 
1 (mins) 
Assembly 1 E 10 P 15 T 20 
Assembly 2 E 10 P 15 T 20 
Assembly 3 E 10 P 15 T 20 
Assembly 4 T 20 E 10 E 10 
Assembly 5 P 15 T 20 P 15 
*E-expert, P-Practitioner, T-Trainee 
Table  8-18: Operators configuration and operation time  
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8.9.1.8 Worker costs  
The worker cost is calculated based on Equation 8-1 and Equation 8-2 and Equation 8-3 
shown in section 8.9.1.3. 
 
The Simul8 screenshot for configuration 2 is shown in figure 8-10, which portrays the 
assembly layout for Voda POP product assembly.  
 
 
 
Figure  8-10: Screen shot of the Simul8 model of Voda  product assembly process 
8.9.1.9 Results 
Lead time and throughput  
 Chosen KPI values were again used as a reference to indicate the ‘performance’ of each 
operator’s configuration in the experiment.  The values captured from the SM during 
experiment 2 are tabulated into table 8-19. Figure 8-11 portrays the relationship 
predicted between lead-time and throughput. 
 
Configuration Lead-time (min) Throughput (no) 
Set 1 304 128 
Set 2 608 92 
Set 3 800 69 
Table  8-19: Results from the SM for throughput and lead time 
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Figure  8-11: Lead time and throughput relationship 
Staff utilization 
Table 8-20 tabulates the staff utilisation results from experiment 2 and their change in 
relationships is portrayed in figure 8-12. Similar assumptions were made about staff 
utilisation as those described for experiment 1 were made.  
Staff Set 1 
Percentage 
Utilisation (%),  
Set2 
Percentage 
Utilisation (%) 
Set 3 
Percentage 
Utilisation (%) 
Expert 81 24 18 
Practitioner 32 77 54 
Trainee 60 93 78 
Table  8-20: Staff Utilization percentage result for set 1, 2 and 3 
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Figure  8-12: Staff Utilization percentage result for set 1, 2 and 3 
Workers working percentage 
Once again workstation working percentage provided signals about the occurrence of 
bottlenecks and this enable reasoning about the degree of balance in the Voda assembly 
line. The results for the experiment are tabulated in table 8-21. 
 
Assembly 
workstation 
Set 1 
Working Percentage 
(%) 
Set 2 
Working Percentage 
(%) 
Set 3 
Working Percentage 
(%) 
1 58 59 59 
2 60 60 59 
3 27 19 18 
4 60 24 18 
5 78 78 44 
Table  8-21: Workstation working percentage for Configuration 1, 2, and 3 
Figure 8-13 portrays the relationship of results captured in table 8-19. 
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Figure  8-13: Workstation working percentage for set 1, 2, and 3 
Cost calculation 
 
Operator costs 
Based on cost equation (Equation 8-1) the Average Cost (of operators) is tabulated in 
table 8-22. The value for average operation time is taken from SM experiment 2 results 
for 3 different sets of operators’ configurations. As for experiment 1, due to minimal 
access to the plant’s data, the workers’ hourly cost was assumed to be: cost for an expert 
is £10.00/hour, practitioner is £8.00/hour and a Trainee is £7.00/hour. 
 
Value generation  
The assembly line average rate of product realisation was tabulated based on the 
assumption that the average price of Voda POP units is £3000.00 per unit. The value 
generation predictions for experiment 2 are shown in table 8-22. 
Cost Calculation Set 1 Set 2 Set 3 
Calculation for 
determining 
Average Cost 
(AC) 
1. ∑ Ave OW 
(average op time, 
hour) 
304/60 = 
5  
608/60 =  
10 
800/60 = 
13 
2. Hc 
(Hourly operator 
[(3x10)+8+7] 
= 45 
[10+(3x8)+
7] = 41 
[10+8+(3x
7)] = 39 
0
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cost, £) 
3. AC= ∑ Ave OW X 
Hc (£h) 
225  410 507 
Calculation for 
determining 
Value Added  
(VA) 
1. P (Average price 
of product 
realised, £ ) 
3000 3000 3000 
2. Output =∑Ave PRt 
(unit) 128 92 69  
3. VA=∑Ave PRt  X 
P (£unit) 384,000.00 276,000.00 207,000.00 
Value 
Generated 
Value generated = 
VA/AC 1,706.67 673.17 408.28 
Table  8-22: Cost calculation for 3 sets of workers’ configurations 
Figure 8-14 described value generated per unit ratio that is derived from cost equation 
8-1, 8-2 and 8-3. 
 
Figure  8-14: Value generated per unit ratio 
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8.9.1.10 Reflections drawn from the experiment simulating the operation of AF’s 
Voda assembly system 
As for experiment 1, KPI for experiment 2 were linked to Q1-Q7 in section 8.8. The 
observations made in answer to the seven questions as tabulated into table 8-23. 
KPI achievement SM results and answer 
Q1- Is configuration Set 1 able to process 
a customer order on time? 
 
From the results, Set 1 yields highest 
throughput, i.e. 128 units in 2400 minutes 
or 5 working days. If the customer orders 
are within or lower than this limit i.e. 128 
units in 5 working days with lead time of 
304 minutes per unit, then the 
configuration is able to process the order 
on time. 
Q2 -And will it be able to do that for all 
product types or only some of them? 
 
This is only applicable for product Voda 
only. 
Q3 -And how much will that processing 
cost be?  
 
The processing cost (operators’ cost/hour) 
for this configuration experiment is 
between £225 to £507, depending on 
workers configuration. 
Q4 -What bottlenecks will occur and what 
will be the cost of delays or re-works 
caused? 
 
In experiment 2, bottlenecks occurred in 
work centre 3 and this slows down the 
assembly process. The cost of delay or 
reworks (for operator only) is between £45 
to £39 an hour. This cost, however 
excludes cost of materials, overheads, 
management etc. 
Q5- And how much will set-up costs be if 
the same line is used to produce two 
products? 
To be answered in Experiment 3 
Q6 -Can configuration set 2 or set 3 
process a customer order more quickly or 
cheaply or with reduced errors/re-work 
than configuration set 1?  
 
From experiment 2, set 1 processed 
customer order faster and also at lower 
cost as compared to other configuration set 
2 and 3 (refer table 8-20). VA/AC value 
for set 1 is highest as compared to set 2 
and set 3. 
Q7-Is configuration set 1 better at 
assembling products type Rimmel in time 
frame T1 (5 working days) than 
configuration set 2 and set 3, and under 
what operating conditions is configuration 
Set 2 and Set 3 better than configuration 
Set 1. 
Experiment 2 showed that the 
configuration for Set 1 is better than Sets 2 
and 3.  
Sets 2 and 3 maybe better than 1 when the 
customer order has a later delivery date or 
there is a shortage of expert workers.  
Table  8-23: Voda experiment results linked to KPI. 
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In combination experiments 1 and 2 were perceived to fulfil some important needs of 
targeted model users i.e. Production Managers, Planner and Cost Engineers based on 
discussion shown in table 8-23.  
8.9.2 Experiment 3: Shared assembly line for POP products Rimmel 
and Voda 
Figure 8-15 provides a graphical re-representation of common activity flows used by 
AF to realise the assembly of both Rimmel products and Voda products. This activity 
flow is considered to be semi-generic because it describes at a given abstraction level a 
process used for two product groups. The authors’ systematic approach requires that in 
the next modelling step the modeller should group the required (semi-generic) assembly 
activities to define a set of processing roles. These roles need then to be resourced by 
suitable candidates (human or electromechanical machine and IT system) resources 
which have prerequisite processing competencies to realise the processing operations of 
the subject product group or groups. 
The SM configuration designed for Experiment 3 was conceived and implemented to 
determine and experiment with possible reachable assembly system behaviours when a 
combination of both Rimmel and Voda assembly operations are realised with a partially 
common assembly system.  
During the first step of the conceptual design of this third assembly system, common 
and distinctive activity flows (related to Voda and Rimmel assembly operations) were 
deduced from the previously created ARTFORM EM and this activity flow is portrayed 
in Figure 8-15. This flow graphically illustrates shared work centres: namely work 
centre 1 to work centre 5.  However, whereas Voda products become completed 
assemblies at the exit of work centre 5 Rimmel products require further processing up to 
work centre 8. Also this assembly configuration was conceptually designed with 
experimental flexibility in mind; hence the need for the assignment of human resources 
with sufficient flexibility competences to recognise and realise two products with 
different processing needs and exit points. Figure 8-15 portrays the two exit points in 
the assembly line, one for Rimmel and another for Voda (BP4.2.2.1). The roles and role 
holder pairing determined for this assembly line is also graphically specified by the 
activity chart shown in figure 8-16. 
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Figure  8-15: EM for POP Rimmel and Voda assembly line 
 
Figure  8-16: Assembly activities that link Role requirements and Role holders for Voda 
and Rimmel shared assembly line 
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A tabular description of the roles and role holders in the combined Voda + Rimmel 
assembly line is given in table 8-24. This table describes the assigned Functional 
Operation and Functional Entity pairings needed for Voda + Rimmel product 
processing. Additional skill possessed by the operators is described in the table as well. 
The parts arrival rates for product Rimmel and Voda is shown in table 8-25. 
 
 
Functional Operations (FO)/Roles 
at WorkCenters 
 
Functional Entities (FE)/ Candidates or 
Competencies possessed by Role Holders 
Ra 
 Assemble 
carcass 
(Rimmel and 
Voda) 
 Assemble side 
panels  
 Assemble top 
and bottom 
panels 
 Assemble 
mounting plates 
 Insert shelves 
RH1 Able  to use power drills and read  
and understand planograms from 
design department 
Rb 
Electrical 
Wiring 
(Rimmel and 
Voda) 
 Install wiring at 
the mounting 
plate according 
to the wiring 
diagram  
RH2 Able to understand electrical wiring 
diagrams 
 and basic knowledge about the 
electrical and electronic wirings of all 
needed components 
Rc 
Assemble 
component 1 
(Rimmel and 
Voda) 
 Insert part A 
 Insert part B 
RH3 Be literate and able to 
 understand planograms.  
Rd 
Assemble 
component 1 
(Rimmel and 
Voda) 
 Insert part A 
 Insert part B 
RH4 Literate and able to understand 
 planograms 
Re 
Assemble 
component 2 
(Rimmel and 
Voda) 
 Insert part C 
 Insert part D 
 To perform 
visual 
inspection and 
electrical testing
RH5 Literate and able to understand 
planograms. Also has the ability and 
trained to perform electrical inspection 
and ability to use the testing equipment 
Rf 
Assemble 
component 3 
(Rimmel) 
 Insert part E 
 Insert part F 
RH6 Literate and able to understand 
planograms 
Rg  Insert part E RH7 Literate and able to understand 
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Assemble 
component 3 
(Rimmel) 
 Insert part F planograms 
Rh 
Inspection 
(Rimmel) 
To perform visual 
inspection and 
electrical testing.  
RH8 Literate and able to understand 
planograms. Also has the ability and 
trained to perform electrical inspection 
and ability to use the testing equipment 
Table  8-24: FO and FE for Voda + Rimmel 
The stochastic inter arrival time and process time at the workstation is as shown in table 
8-23 below. Table 8-23 was constructed with information on statistical input in the SM 
for configuration 3. 
Parts arrival rates for Rimmel and Voda is as shown in table 8-25. Parts arrival rates is 
the input rates in the SM. For example, the total value between 08.00 to 09.00 is 10 
units, however it was set to be under Exponential Distribution of mean time of 15 
minutes (refer table 8-26). Exponential distribution was chosen because it is used to 
represent the time between random occurrences, such as entities arriving into a system, 
where the arrivals are independent of each other and randomly distributed, and the 
occurrence of breakdowns.  In this experiment, product Rimmel and Voda enters the 
assembly shown later in table 8-30. 
 
 Monday
(qty) 
Tuesday 
(qty) 
Wednesday
(qty) 
Thursday 
(qty) 
Friday 
(qty) 
08:00-09:00 10 10 10 10 10 
09:00-10:00 5 5 5 5 5 
10:00-11:00 5 5 5 5 5 
11:00-12:00 8 8 8 8 8 
12:00-13:00 8 8 8 8 8 
13:00-14:00 5 5 5 5 5 
14:00-15:00 5 5 5 5 5 
15:00-16:00 6 6 6 6 6 
16:00-17:00 6 6 6 6 6 
Table  8-25: Parts arrival rates for Rimmel and Voda 
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SM properties Statistic distribution type  
Input Exponential Distribution, (parts arrival rates)  
Input Value (mean) = 15 minutes 
Assembly 1 Average Distribution  
Input Value= process time in Table 8-28 
Assembly 2 Average Distribution 
 Input Value= process time in Table 8-28 
Assembly 3 Average Distribution  
Input Value= process time in Table 8-28 
Assembly 4 Average Distribution  
Input Value= process time in Table 8-28 
Assembly 5 Average Distribution  
Input Value= process time in Table 8-28 
Assembly 6 Average Distribution  
Input Value= process time in Table 8-28 
Assembly 7 Average Distribution  
Input Value= process time in Table 8-28 
Assembly 8 Average Distribution  
Input Value= process time in Table 8-28 
Table  8-26: Statistical Distributions input in SM for Voda+Rimmel Assembly line 
8.9.1.11 Workers performance level  
Workers performance levels assumed during experiment 3 were as referred in table 8-
27.  
 Expert Practitioner Trainee 
Operation Time 
 Rimmel (min) 
7.5 10 15 
Operation Time 
 Voda (min) 
10 13.33 20 
Performance ratio 
for Rimmel 
7.5/7.5 = 1 7.5/10= 0.75 7.5/15=0.50 
Performance ratio 
for Voda 
10/10 = 1 10/13.33 = 0.75 10/20 = 20 
Table  8-27: Workers performance level ratio 
Once again three different  worker configurations (set 1, set 2 and set 3) were defined 
and used in this experiment. These configurations and their distinctive work center 
assignments are shown in table 8-29. However for work centre 3 and 4 the processing 
time is determined by the Job matrix tool function provided by Simul8, because at these 
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two work centres a changeover time needs to be modelled (refer to table 8-30) when the 
product type changes from Voda to Rimmel or vice versa.   
8.9.1.12 Processing times 
Processing times (or operation times) assigned to workstation roles in the SM for 
experiment 3 (along with any assigned statistical distributions) are assumed to mimic 
the actual times taken by role holders as they perform the activities assigned to them. 
The time taken to carry out any given processing operations is linked to the rate at 
which competent workers can perform assigned processing activities. The first 
condition to be met however is that selected workers must possess the 
skills/competencies to perform the activities. But some operators will outperform others 
as they can work faster than others; i.e. they perform better in the role assigned. 
Because  the author had limited access to plant data, the actual process (operation) times 
at the various workstations was not available. Based on this fact the author assumed that 
we can gather such evidence but that in her simulation experiments it would be 
necessary to estimate such information and place some limits on likely variations that 
might occur.  
Hence when parameterising operation times of ‘role-role holder’ couples needed to be 
assigned it was presumed to be reasonable to assume that any ‘role- practitioner couple’ 
will perform faster than a corresponding ’role-trainee couple’ by the ratio 0.75 to 0.50. 
This kind of assumption was embedded into parameter values of all AF SMs  but it was 
understood that via time study actual variations in ‘role-role holder couples’ could be 
measured and input into the same SM if the author simplification were deemed by 
relevant AF decision makers to be inappropriate. Based on the assumptions above, the 
relative rates of working were defined and recorded into table 8-28: 
Workers Process time 
(A-1 product-type
 i.e. Rimmel ) 
Process time 
(B-2 product-type i.e.  
Rimmel and Voda) 
Expert 7.5 10 
Practitioner 10 13.33 
Trainee 15 20 
*A- 1 product-type assembly i.e. Rimmel, B- 2 product-type i.e. Rimmel and Voda 
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Table  8-28: Process time for 1 type and 2 type products for shared assembly line. 
Processing times in this particular experiment were therefore partially determined by 
types of workers (i.e. expert, practitioner and/or trainee assigned to each work centre 
role) but of course the processing times were also dependent on the types of assembly 
activities required at each work center to process the two product types. At work centre 
1 to work centre 5, the assigned processing times (denoted as process time B) are 
slightly longer by a few minutes, than for experiments 1 and 2, because those work 
centres are shared between the two sets of product assemblies, hence resource sharing 
needed to be organised and realised. Thus the assumed operating time is longer and 
labelled as process time B in table 8-28. In work centres 6 to 8, only Rimmel products 
are assembled thus the operation time is labelled as process time A in table 8-28.  Table 
8-29 also describes three sets of worker configuration combination designed for 
experiment 3. 
 
Work 
station 
Set 
1 
Operation time 
1 (mins) 
Set 
2 
Operation time 
1 (mins) 
Set 
3 
Operation time 
1 (mins) 
Assembly 
1-B 
E 10 P 13 T 20 
Assembly 
2-B 
E 10 P 13 T 20 
Assembly 
3-B 
P Refer table 8-27 P Refer table 8-27 P Refer table 8-27
Assembly 
4-B 
P Refer table 8-27 P Refer table 8-27 P Refer table 8-27
Assembly 
5-B 
P 13 T 20 P 13 
Assembly 
6-A 
P 10 E 7.5 P 10 
Assembly 
7-A 
P 10 E 7.5 P 10 
Assembly 
8-A 
T 20 E 7.5 E 7.5 
*A-1 product-type and, B- 2 product-type 
 Table  8-29: Operators configuration and operation time at assembly line for Voda + 
Rimmel.  
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Hence experiment 3 was conceptually designed and constructed to test and predict the 
effect of change in operator performance levels in AF’s mix product (Voda and 
Rimmel) assembly line environment (refer Table 8-29). In this case the author defined 3 
sets of configurations of ‘role-role holder couples’ for the Voda and Rimmel lines; with 
their different parameterised sets of processing rates and derived operation times. The 
experiments were designed to compare the impacts of using the three different workers 
configurations on chosen KPIs i.e. lead time, throughput, the cost of each configuration 
of human system and bottlenecks. 
8.9.1.13 Changeover times 
Due to the fact that two product types are assembled in this experimental set up i.e. 
Rimmel and Voda, it was assumed that work centres A3 and A4 would need to model 
changeover times to accommodate changes in assembly activities when the product 
types changed. Thus in this SM, another tool in the software was used i.e. the Job 
Matrix function to control the sequence of work as well as the changeover time. The job 
matrix is a tool that is introduced by Simul8 which is in the form of a table of 
information that controls complex routings and timings in the SM. The Job matrix 
function was implemented after work centre 2 where sequentially the jobs/batch will be 
divided into two work centres, i.e. work centre A3 and A4. The reason why the job 
matrix is used for distributing jobs is because it is assumed when there is a change in 
product type either Rimmel or Voda, A3 and A4 will need a changeover i.e. change in 
set-up, thus results in further additional time in the assembly line. This is referred in 
table 8-30 where the value of changeover time is 9 minutes when a work type changes 
from work type 1 to work type 2. The label ‘Job’ in table 8-30 describes the number of 
job batches entering the assembly line. The label ‘Timing’ describes the process time at 
the respective work centre locations. It is assumed that practitioners are located at work 
centre A3 and A4. 
 
Work type Job Work centre 
Location 
Timing 
(minutes)
Changeover 
(minutes) 
Rimmel 1 A3 10 0 
Rimmel 2 A4 10 0 
Voda 3 A3 15 9 
Voda 4 A4 15 9 
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Rimmel 5 A3 10 9 
Rimmel 6 A4 10 9 
Voda 7 A3 15 9 
Voda 8 A4 15 9 
Voda 9 A3 15 0 
Table  8-30: Job matrix for Configuration 3 
Table 8-30 shows how the Rimmel and Voda products changed. This is shown in the 
‘Work Type’ column as well as ‘Timing’ column. Each Job number represents one hour 
operation. For example, Job 1 (Rimmel’s) starts from 08.00-09.00 and continues with 
Job 2 until 10.00 and is followed by job 3,4 (Voda) 5,6 (Rimmel) 7,8 and 9 (Voda). The 
inputs to these jobs were defined earlier in table 8-25.  
8.9.1.14 Workers cost 
The worker cost is calculated based on Equation 8-1 and Equation 8-2 and Equation 8-3 
shown in section 8.9.1.3. 
 
 
The Simul8 screenshot for experiment 3 is shown in figure 8-17. 
 
 
Figure  8-17: Assembly layout for Rimmel and Voda in Simul8 Modelling software. 
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8.9.1.15 Results 
Lead time and throughput  
Lead-time and throughput were again two chosen KPIs during experiment 3. These 
predicted values were informative as a reference to indicate the ‘performance’ of each 
operator’s configuration deployed in the experiment.  These KPI values generated and 
captured by the SM and tool are tabulated in table 8-31 and the corresponding graphs 
are portrayed in figures 8-18 and 8-19. 
 
 Voda Rimmel 
Configuration Lead-time 
(min) 
Throughput 
(no) 
Lead-time 
(min) 
Throughput 
(no) 
Set 1 681 59 854 75 
Set 2 868 38 926 60 
Set 3 678 59 696 89 
Table  8-31: Results from the SM for throughput and lead time 
 
Figure  8-18: Lead time and throughput relationship for Voda 
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Figure  8-19: Lead time and throughput relationship for Rimmel 
Staff Utilisation 
As earlier discussed, staff utilisation as a KPI can usefully indicate the percentage of a 
resource's availability (possibly to do other things) that has been used up by the various 
work centres. The assembly line output as a KPI is the value of the number of finished 
work items that exit the rear of the SM, while the input is the number of work items 
entering the front end of the SM (refer figure 8-3). Staff utilization percentage provides 
valuable planning information such as a worker’s capacity and the likely occurrence of 
bottlenecks in the assembly line. The staff utilisation results captured from the 
experiment are tabulated in table 8-32. 
Staff Set 1 
Percentage 
Utilisation (%) 
Set2 
Percentage 
Utilisation (%) 
Set 3 
Percentage 
Utilisation (%) 
Expert 33 17 45 
Practitioner 36 31 37 
Trainee 98 99 50 
Table  8-32: Staff Utilization percentage result for set 1, 2 and 3 
The staff utilisation relationship is portrayed in figure 8-20. 
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Figure  8-20: Staff Utilization percentage result for set 1, 2 and 3 
 
Workers working percentage 
Workstation working percentage as a KPI provides information which can be used to 
indicate the occurrence of bottlenecks and this can support decision making about line 
balancing in production/assembly lines. Hence working percentages at work stations 
predicted during experiment 3 are tabulated into table 8-33. The corresponding graph of 
these results is shown in figure 8-21. 
 
Assembly 
workstation 
Set 1 
Working Percentage 
(%) 
Set 2 
Working Percentage 
(%) 
Set 3 
Working Percentage 
(%) 
1 33 82 95 
2 0 0 0 
3 0 0 0 
4 35 40 37 
5 80 83 80 
6 21 9 20 
7 17 10 17 
8 58 17 26 
Table  8-33: Workstation working percentage for set 1, 2, and 3 
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Figure  8-21: Workstation working percentage for set 1, 2, and 3 
Cost calculation: 
Operator costs 
By computing operator costs based on the cost equation (Equation 8-1), the Average 
Cost (operators) was tabulated into tables 8-34 and 8-35. The values for the average 
operation times were taken from the SM results for the 3 different operator 
configurations. Due to minimal access to the plant’s data, the workers’ hourly cost was 
again assumed by referring to UK minimum wages. 
 
Value generation  
 The assembly line average rate of product realisation data was computed by 
inputting SM ‘output’ values into equation 8-2. Once again the unit price of 
Rimmel and Voda final products was assumed respectively to be £2000.00 per 
unit and £3000.00 per unit. The predicted values generated during the 
experiment are as shown in table 8-34 and 8-35. 
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Cost Calculation Set 1 Set 2 Set 3 
Calculation 
for 
determining 
Average 
Cost (AC) 
1. ∑ Ave OW 
(average op time, hour) 
681/60= 
11 
868/60=  
14 
678/60= 
11 
 
2. Hc 
(Hourly operator cost, £)
[(2x10)+ 
(3x8)]= 44
[(4x8)+ 7] 
= 39 
[(3x8)+ 
(2x7)]= 38 
3. AC= ∑ Ave OW X 
Hc (£h) 
484  546 418 
Calculation 
for 
determining 
Value 
Added  
(VA) 
1. Output =∑Ave PRt 
(throughput, unit) 
59 38  59  
2. P (Average price of 
product realised, £ ) 
3000 3000 3000 
3. VA=∑Ave PRt  X P 
(£unit) 
177,000.0
0 
114,000.00 177,000.00
Value 
Generated 
Value generated = 
VA/AC 
366 209 423 
Table  8-34: Cost calculation for 3 sets of workers’ configurations for Voda 
Cost Calculation Set 1 Set 2 Set 3 
Calculation 
for 
determining 
Average 
Cost (AC) 
1. ∑ Ave OW 
(average op time, 
hour) 
854/60 =  
14 
926/60= 
15 
696/60 = 
12 
2. Hc 
(Hourly operator 
cost, £) 
[(2x10)+ 
(5x8)+ 7]= 
67 
[(3x10)+ 
(4x8)+ 7]= 
69 
[10+ 
(5x8)+ 
(2x7)]= 64 
3. AC= ∑ Ave OW X 
Hc (£h) 
938 1035  768  
Calculation 
for 
determining 
Value 
Added  
(VA) 
1. Output =∑Ave PRt 
(throughput, unit) 
75 60 89 
2. P (Average price of 
product realised, £ ) 
2000 2000 2000 
3. VA=∑Ave PRt  X P 
(£unit) 
150,000.00 120,000.00 178,000.00
Value 
Generated 
Value generated = 
VA/AC 
160 116 232 
Table  8-35: Cost calculation for 3 sets of workers’ configuration for Rimmel 
Figures 8-22 and 8-23 illustrate the value generated per unit ratio relationship for Voda 
and Rimmel products respectively 
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Figure  8-22: Value generated per unit ratio for Voda 
 
 Figure  8-23: Value generated per unit ratio for Voda 
8.9.1.16 Reflections drawn from the experiment simulating the mixed product 
operation of AF’s assembly system 
The KPIs used for this experiment were again derived based on the need to answer 
questions Q1-Q7 listed in section 8.8. The authors observations made about the utility 
of these KPIs during experiment 3 are tabulated into table 8-36.  
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KPI achievement SM results and answer 
Q1- Is configuration Set 1 able to 
process a customer order on time? 
 
From the results, Set 3 for both Voda and 
Rimmel yields highest throughput (refer table 
8-28). If the customer orders is within or lower 
than the highest throughput and lead time then 
it is able to process the order on time. 
Q2 -And will it be able to do that for 
all product types or only some of 
them? 
 
The experiment was only designed to model 
concurrent Rimmel and Voda product 
assembly but it is believed that this experiment 
shows that more extensive mix product 
realisation of significant numbers of product 
groups can be systemised using the authors 
developed approach to answer this question 
Q3 -And how much will that 
processing cost be?  
 
The processing cost (operators’ cost/hour) for 
this configuration experiment was predicted to 
be between £418 to £1035, depending on 
workers configuration and product types. 
Q4 -What bottlenecks will occur and 
what will be the cost of delays or re-
works caused? 
 
In the SM experiment, bottlenecks occur in 
work centre 3 and this slows down processing. 
The cost of delay or reworks (operator cost 
only) is in between £38 to £69 an hour. This 
cost excludes cost of materials, overheads etc. 
Q5- And how much will set-up costs 
be if the same line is used to produce 
two products? 
The set up cost can be calculated by 
approximating the cost incurred during 
changeover plus process time at A3 and A4 
(refer table 8-27). The operators at A3 and A4 
are practitioners and the process runs in 
parallel. 
The set-up cost is defined as = total process 
time and changeover time (at A3 and A4) x 
hourly cost of operators to achieve this stage. 
Hence the cost is [(115+ (9x6))/60) x (8x2)]= 
£45.00 (this cost only includes operator’s cost, 
not including others such as overheads, 
machines, and materials) 
Q6 -Can configuration set 2 or set 3 
processes a customer order more 
quickly or cheaply or with reduced 
errors/re-work than configuration set 
1?  
 
The experimental set up 3 can processes 
customer orders faster and also at lower cost 
as compared to other configurations (set 2 and 
set 1), primarily because the cost of the 
operator configuration in this set is cheaper as 
compared to other set of workers. (refer table 
8-31 and 8-32).  
Q7-Is configuration set 1 better at 
assembling products type Rimmel in 
time frame T1 (5 working days) than 
configuration set 2 and set 3, and 
under what operating conditions is 
This SM experiment showed that for the 
demand rates simulated configuration set 3 is 
better when compared to configurations set 2 
and set 1 because it generate highest ‘Value-
generated per unit Ratio’ in the experiment. 
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configuration Set 2 and Set 3 better 
than configuration Set 1. 
 
(Refer table 8-31 and 8-32). This can provide 
a financial justification for Economy of Scope  
Set 1 and 2 maybe better than 3 when the 
customer order has longer delivery date, 
shortage of expert workers due to sickness etc 
Table  8-36: Rimmel and Voda experiment results linked to KPI 
Based on the reflections outlined in table 8-36 the author is of the view that SM 
experiment 3 has usefully fulfilled important needs of targeted users i.e. Production 
Managers, Planner and Cost Engineers. The results can be used by these users as a 
reference for decision making, especially when they are involved in manufacturing 
costing and timing. Also this experiment also shows and partially quantifies some 
benefits that arise from the agility in assembly lines when there is a need to process 
multiple product types.  
Furthermore deliberately the reporting of experiment 3 has been along similar lines to 
that for experiments 1 and 2. This may have been somewhat painstaking to the reader 
but it was planned to show how the re-use of a common enterprise model (which can 
usefully encode the specific organisational structures used by a subject ME) can be re-
used at different levels of abstraction to systemise the conceptual design and testing of 
simulation models that coherently support a number ME decision makers by predicting 
complex organisational behaviours of particular concern to those decision makers.  
8.9.3 Analysis and Concluding remarks 
From the results gained in the experiment, it is believed the author’s systematic 
modelling approach has contributed to understandings about ways of modelling human 
systems in manufacturing enterprise; with respect to its:  
 Ability to re-use structural models which have been (or can be) used by a 
number of ME decision makers to visualise and agree upon current (or possible 
future) ME organisational structures. 
 Ability to have different flavours of activity flows in SM to systematically 
visualise and reflect on processing differences in processing needs and 
resourcing needs for different product groups 
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 Ability to populate the structural framework provided and visualised by the 
conceptual design of SMs, with case data about roles, resource competencies, op 
times, process logic, demand date, etc.  
 Ability to attach KPIs to the structural framework provided by the conceptual 
design of an SM and its derivative SMs. And thereby to facilitate the design and 
running of step wise experiments considering how changes to process variables 
impacts on selected KPIs 
 Ability to place the conceptual design and runtime operations of SM into the 
bigger EM picture- such as in this case to visualise and reason about how 
purchase delays can impact on assembly system performance. 
 Ability to facilitate in-context reasoning about organisational and behavioural 
changes in segments of any ME on the ME behaviours as a whole 
 
In this chapter there is a case study based description of new ideas which it is believed 
can facilitate: (1) the development, design and virtual testing of (rather mechanistic) 
human systems; (2) the linking of the design and virtual testing of human systems to 
decision making support needs of different management and engineering role holders; 
and (3) a more general exploitation of the modelling ideas presented at different levels 
of abstraction in other MEs. 
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9 Chapter 9: Discussion, conclusions and further work 
9.1 Introduction 
This research study was focussed on conceiving, developing and testing an enhanced 
methodology for modelling human systems operating in manufacturing enterprises. 
 This objective was realised as a new modelling methodology was conceived and 
developed.  
 Furthermore the modelling methodology proposed was tested with respect to 4 
different industry case studies, so that its development could be grounded and its 
potential strengths and weaknesses could be illustrated. 
 In the four case studies, a coherent approach was applied, which demonstrated 
how synergy is gained by deploying the proposed set of modelling concepts to 
combine the use of enterprise and simulation modelling technologies. This was 
shown to enable the coherent development of structural and behavioural models 
that: (a) define the ME context in which any subject manufacturing system must 
operate, and how customer induced changes in demand impact on that context and 
(b) represent and virtually execute models of manufacturing systems that comprise 
alternative configurations of human systems. By this systematic means it was 
shown that aspects of ME decision-making can be supported via qualitative and 
quantitative analysis and thereby futures prediction.  
 
This chapter considers the research achievements and contributions to knowledge 
made during this research. Also included is a discussion about the strengths and 
weaknesses of the modelling methodology proposed and how its weaknesses could 
be addressed through future research. 
9.2 Research summarised 
  
The summary for this research is as follows: 
 A literature review was conducted in respect of past and current works on 
modelling human systems in MEs. This critically identified current trends (in 
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academia and the real production world) when modelling human systems 
operating in production environments and the modelling tools and methods 
currently used. 
 Based on the literature review, gaps in current modelling provision were 
identified. This informed the definition of the aims and objectives of this research 
study. Following which the adopted research framework and research 
methodology was identified, and further elaborated in chapter 4. New modelling 
concepts were conceived to explicitly define the structural properties of human 
systems with respect to process oriented activities typically needed in production 
systems. These modelling concepts needed to be coherently defined and included 
ways of explicitly representing: roles, (functional & change) competency 
requirements, role holders, (functional & change) competencies possessed, 
workload variances and workload volumes. Also it was necessary to adopt the use 
of suitable decomposition mechanisms which were conceived during the research 
to include: separated modelling decomposition principles of ‘process’, ‘resource’ 
and ‘work’ sub-systems; and ways of representing alternative configurations of 
these three sub-systems when later conceptually designing discrete event 
simulation models and simulation experiments.   
 The research methodology proposed was implemented in case studies 1, 2, 3 and 
4; which enabled explorative investigation and research in three different 
companies. In all three cases relevant aspects of human systems’ programmability 
and re-configurability were simulated. The results from the proposed stepwise 
modelling method were discussed and analysed. For example, case studies 1 and 2 
provided experiences that allowed improvements to the modelling methodology to 
be identified and included into new methodology versions (namely MM2 and 
MM3).  
 The present chapter reflects on the application of the proposed methodology 
within the case studies. Possible further research work is also identified. 
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9.3 Discussion & Reflection 
 According to Farber (2005), the validation process is a critical part of research 
which ensures that responsible research is being carried out and to ensure that 
legitimate results are being produced. Validation strategies help to assess the 
‘accuracy’ of study findings (Cresswell, 2007 and Potter, 2008).   Keeping in 
view the importance of applying some form of validation process, despite 
constraints existing on access to all needed company data, the author adopted a  
mixed set of validation strategies. In case studies 1, 2, 3 and 4 the proposed 
modelling methodology was developed through exploratory modelling and its 
underlying ideas were tested such that the utility of the proposed approach was 
partially validated in three different companies. Although formal validation of 
the methodology did not prove possible the new modelling concepts introduced 
by the author were observed to usefully link ‘structural models of human 
systems’ to ‘dynamic models of human systems’ by systematically following a 
number of modelling steps and by using a set of modelling concepts with 
coherency of modelling at each step. This enabled ‘in context production 
systems modelling’ which was shown to provide useful decision making support 
for a number of decision makers in all companies and operational scenarios 
modelled. Hence it is highly probable that the methods proposed in this research 
study are applicable in many manufacturing companies and hence can be 
claimed to be reusable and valid.  
 This work has built upon that of previous MSI researchers and particularly that 
of Dr Joseph Ajaefobi (Ajaefobi, Weston et al. 2006). However in this research 
work the present author has introduced and proven the utility of new modelling 
ideas that at multiple levels of modelling abstraction maintain a much clearer 
separation of models of the ‘work’ (W), ‘process’ (P) and ‘resource’ (R) sub-
systems that comprise any given production system configuration. This has 
enabled clarity of system decompositions, and subsequently improved 
representations of system re-compositions, despite complex behaviours found in 
case study systems when production resources are shared so as to concurrently 
realise multiple product types. Furthermore these separations have initiated 
some new thoughts about the programmability and re-configurability of 
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production systems. These new concepts were tested in a number of the 
experiments performed and enable clarity of thinking about systematically 
changing process variables; particularly in this study with respect to process 
variables associated with the resource and work sub-systems. The clarity of 
separations has also allowed pilot studies of cost dynamics in the practical cases 
investigated 
 As reported in this thesis various other researchers have studied human 
performance in manufacturing enterprises and have defined theoretical 
frameworks within which human systems performance can be modelled (Baines, 
Asch et al. 2005; Mason, Baines et al. 2005).  This previous work has 
considered impacts of many human factors such as absenteeism, consciences, 
work ethics, IQ, gender etc. By contrast the present authors’ study focuses on 
performance prediction for human system used to resource multi-product 
realising systems; and consciously takes a more formal and mechanistic 
approach by explicitly modelling networks of processes which are resourced by 
alternatively configured human systems in order to realise complex multiple 
process instances on time and in a cost effective manner. Hence it is believed 
that the present authors’ research compliments research elsewhere by providing 
a techno-centric approach which compliments human-centred approaches. 
Rather that attempt to explicitly model human attributes, such as motivation or 
attributes of system cultures such as management style, an overall framework 
for predicting production systems behaviours is supported such that separate 
reasoning about human factors can be mapped into the mechanistic frame. This 
mapping can be achieved via either simple predictive modification of parameters 
values (such as operation times, resource availabilities and resource costs) or by 
enabling future human factors research with reference to the mechanistic 
framework.   
 Many researchers have reported (typically without analytical prediction) on 
relative performances of human and robotic systems (Genaldy, Duggal et al. 
1990; Mital and Pennathur 2004; Kaupp, Makarenko et al. 2010). Robots have 
frequently been deemed to be relatively inflexible and non-adaptable to rapidly 
changing production demands. By contrast this research has shown that it is 
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possible to measure human performance in different configurations, and thereby 
can provide quantitative predictions (for users like systems analysts, production 
managers and procurement executives) and thereby to contrast achievable 
performances of human and automated systems  For example this research has 
illustrated how predicted manufacturing costs of human configurations can vary; 
such that in future studies this approach can be naturally extended to compare 
human system predictions with those for flexible and inflexible automated 
systems- by taking a mechanistic stance. Following which human factors and 
environmental influences can be considered prior to adjustment to parameter 
values used in simulation to generate predictions.   
 In chapter 8 other more case study specific contributing observations are made 
about  different types of assembly configuration of relevance to ARTFORM 
International, as follows:  
o Lean cells are predicted through a clear process of analysis to be best 
suited to assembly configurations where customer dynamic impacts are 
low, such as where during that planning window significant numbers of 
similar products need to be produced and therefore where only relatively 
minor changeover activities are required in the assembly line. Had this 
kind of prediction been made available much earlier to the case company 
they would not have attempted costly investments in Lean operations 
where product variants would naturally lead to excessive production 
delays and inventory.  
o On the other hand, batch build assembly lines used by ARTFORM were 
predicted in this study to be well suited to production configurations 
involving high levels of product dynamic and therefore more frequent 
change in work centre configuration. This was analytically proven to be 
because with greater variation in product types and volume demands 
comes a greater range of needed competencies and capacities of people 
resources. This in turn causally impacts in terms of greater variety of the 
activities they must perform during assembly operations & more frequent 
need for change over activities. These kinds of effects were quantified in 
this study in cash terms and the predictions made could in the future 
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enable companies like ARTFORM to make informed strategic decisions 
about where, when and under what conditions Lean and Agile systems 
are best deployed. 
o Consequently, the author observed a clear future R & D opportunity to 
model AF production systems to help the company, and its relevant 
decision makers, establish an effective balance point between (a) lean 
and agile in the long term, (b) during medium term process improvement 
projects, and (c) during shorter term planning & scheduling operations. 
 The experiment in chapter 8 was systematically designed to show impacts on 
changing work subsystem parameters that result in dynamic instances of any 
fixed decomposition of production operations into roles. Hence meaning that the 
assignment of role holder must change if a balance must be obtained 
9.4 More Specific Research Achievements 
More specific research achievements of the author are reflected in table 9-1.  
No Research 
objectives 
Research achievements 
  Achievements Assumptions Non-
Achievements 
1) a)To develop a 
method of 
modelling 
process oriented 
roles that people 
can play within 
production 
systems  
 
EM (CIMOSA) and 
SM modelling 
concepts, constructs 
and methods were 
deployed as the basis 
of a new human 
systems modelling 
methodology. Newly 
defined ‘process 
oriented roles’ and 
‘role holders’ 
modelling concepts 
were developed and 
used to separately 
represent ‘process’ 
and ‘human system’ 
models. This enables 
systematic matching 
of process-oriented 
requirements to 
available human 
resource (via use of 
Explicit 
specifications of 
required ME roles 
can be derived 
from a 
decomposition of a 
specific case EM; 
which encodes a 
network of 
processes (and 
derivative 
activities and 
activity 
relationships) 
captured using ISO 
standard CIMOSA 
EM modelling 
concepts. This 
implies that ME 
requirements can 
be usefully 
characterised in 
Due to time 
constraints it was 
not possible in a 
single PhD study 
to encode and 
model tactical 
and strategic 
roles. Testing of 
the proposed 
methodology was 
confined to 
modelling 
operational 
processes and 
roles in case 
study make and 
assembly 
systems. 
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required and 
possessed functional 
and change 
competencies).  
terms of a 
definition of 
needed processing 
activities and 
operations.  
No Research 
objectives 
Research achievements 
  Achievements Assumptions Non-
Achievements 
1) b)To develop a 
method of 
modelling 
‘people as 
candidate role 
holders’ such 
that improved 
use of people 
resources can be 
enabled through 
the deployment 
of proven 
virtual 
engineering 
modelling 
technology 
Coherent ‘process’, 
‘resource’ and ‘work’ 
subsystem modelling 
concepts  were 
conceived and used to 
model ‘roles’; role 
holders and work 
flows through ‘role-
role holder couples’. 
This enabled explicit 
description of the 
configurations of 
make and assembly 
systems used in the 
case study companies. 
The structural models 
of production systems 
so created enable the 
conceptual design of 
simulation models 
and simulation 
experiments to 
examine possible 
behaviours of 
selected production 
segments of the ME 
concerned. Thereby 
virtual engineering 
and decision-making 
was supported. 
ME process 
structures can be 
decomposed and 
grouped into a 
network of roles, 
which explicitly 
define functional 
and change 
competency 
requirements of 
MEs at needed 
levels of 
abstraction. 
 
The research 
models only 
functional and 
change 
competencies of 
human systems 
and not other 
aspects which can 
be important in 
production 
systems; such as: 
motivation, 
culture, 
ergonomics etc  
No Research 
objectives 
Research achievements 
  Achievements Assumptions Non-Achievements 
2) To test the 
modelling 
method when 
used to support 
the design of 
The modelling 
method was tested in 
three case study 
companies i.e. a 
bearing company, a 
Human system 
competency 
levels can be 
measured and 
characterised 
Only exploratory 
research proved 
possible, so that 
robust human 
system designs and 
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real production 
systems 
deployed in 
case study 
companies. 
Here the aim 
was to elicit and 
use real data 
from actual 
production 
scenarios to 
facilitate a 
‘grounded 
research’ 
approach. 
 
‘point-of purchase’ 
shop equipment 
company and an air-
conditioning 
company via MM1, 
MM2 , MM3 and 
extended modelling 
in chapter 8. The real 
data was gathered as 
part of the 
exploratory research, 
EM and SM 
modelling supported 
i) matching of roles 
to role holders, ii) 
performance 
evaluation of the 
performances of 
different human 
resource system 
configurations in 
response to changing 
work flow variances 
and volumes. 
 
with SMs to 
usefully predict 
production 
behaviours.  
recommendations 
could not be 
delivered to 
collaborators; 
because of lack of 
plant access and 
limited availability 
of case data.  
No Research 
objectives 
Research achievements 
  Achievements Assumptions Non-
Achievements 
3) a. Reflect on 
the 
capabilities 
and 
practicabilit
y of the 
developed 
modelling 
method. 
 
The developed semi 
generic and specific 
dynamic models were 
used to predict changes 
in the enterprise. The 
SMs developed enabled 
predictions about 
production systems 
performance and 
suggested alternative 
(human structural 
change or resource type 
change). Also the 
developed SMs also   
allowed 
programmability and 
reconfiguration issues 
(in response to product 
The structural 
aspects of 
human systems 
(i.e. roles and 
role holders) can 
be usefully 
modelled such 
that they provide 
ways of 
managing 
business 
requirements 
change. The 
concepts and 
models 
developed could 
also usefully 
quantify selected 
The research 
considered only 
operational 
levels of 
manufacturing 
systems.  
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variances and rate ramp 
up scenarios) to be 
investigated and 
quantified.  
aspects of 
programming & 
reconfiguring 
human systems.  
 
 
 
 
 
No Research 
objectives 
Research achievements 
  Achievements Assumptions Non-
Achievements 
3 b. Reflect on 
the wider 
applicability 
of the 
research 
findings in 
production 
systems 
engineering 
 
The exploratory 
research conducted was 
qualitative in nature. It 
was not proven but it is 
highly probable that the 
proposed methodology 
could be used in many 
different production 
environments and 
particularly multi-
product realising 
systems. Additionally it 
is probable that it has 
potential to be used in 
support of wider: 
 Process design, 
development and 
specification of 
human system 
requirements. 
 Needed staff skill 
and knowledge 
specification and 
training. 
 Process lead time 
estimation 
 Process resource 
cost estimation 
 Scheduling of 
resources. 
 Forecasting in 
support of human 
resourcing projects. 
 Cost estimation 
when resourcing 
enterprise activities 
 Engineering 
enterprise core 
The methods 
proposed are 
conceptual in 
nature; however 
the prototype 
cases developed 
via MM1, MM2 
MM3, and 
extended 
Chapter 8 (and 
their 
underpinning 
modelling 
concepts) are 
believed to have 
significant 
potential for 
application in 
different 
domains. The 
methods outlined 
in this research 
are believed to 
deliver 
engineering and 
business benefits 
that would 
forecast the cost 
of human system 
engineering. 
The approach 
has yet to be 
used to resolve 
tactical and 
strategic issues 
and problems in 
production 
systems. 
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competency 
identification and 
improvement 
specification 
 Table  9-1: Research objectives and achievements 
9.5 Research reflections 
9.5.1 On Methodology Developments Realised  
MSI researchers integrate the use of: (a) EM methodology, especially CIMOSA to 
capture enterprise requirements in the form of relatively enduring process models and 
high level specifications of resource systems components, (b) causal and temporal 
relationship modelling notations provided by causal loop modelling technologies, and 
(c) discrete event and continuous simulation models of selected configurations of work 
loaded process segments and their underpinning resource systems as an approach in our 
research works. The author has developed and implemented method (a) and (c) for this 
PhD research. The methodology proposed was advanced as a consequence of lessons 
learnt from the exploratory industrial cases. The initial modelling methodology was 
termed MM1, with subsequently enhanced versions being termed MM2 and MM3 (See 
table 8-2). The modelling steps and integrating concepts of the final version are listed as 
follows. It should be noted that the enhancements made to MM1 and included into 
MM2 are shown in italics, while the enhancements made to MM2 and included into 
MM3 are shown in highlighted italics and finally the extended chapter 8 are shown in 
bold italics. 
Modelling 
concepts defined 
Stage 1: Structure Modelling  
Steps Purpose of modelling 
D, DP, BP, FO, 
FE, EA 
1- Create EM Modelling technique to model ME process via top-
down or bottom-up thinking by (i) thinking 
strategically to inform the redesign of an ME 
typically via top down thinking that is required to 
realise large scale change; or (ii) by analysing 
concerns on the lower level of the enterprise 
activities. Separates P,R and W and enables clarity 
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of systems decomposition and improved system re-
composition in complex production systems. 
Product families 2- Classify 
product and 
work 
organisation 
To model process by reducing products 
complexity, for multi-product modelling and 
simplifying approach to the planning and execution 
of production operations 
Role, Role 
holders 
3- Resource 
modelling 
To model explicitly resource systems by separating 
FO’s and FE’s into roles and role holders. Two sets 
of human resources systems layout were tested.  
Roles, role 
holders, 
configuration, 
competency, 
product family, 
process 
requirements, 
process solutions 
dynamic 
workloads, DPU 
4- Integration 
modelling 
Integration of static modelling via enterprise 
modelling (EM), dynamic modelling method via 
simulation modelling and concepts such as roles, 
role holders, configuration, competency, product 
family, process requirements, process solutions and 
dynamic workloads. Introducing DPU ideas to 
provide coherent and abstract descriptions of 
common reusable components. 
 
 
Modelling 
concepts defined 
Stage 2: Dynamic modelling 
Steps Purpose of modelling 
Reprogrammabili
ty, 
reconfigurability, 
change capability 
5- Dynamic 
implementation 
To analyse impacts of changing 
configurations of the human systems used 
to resource the processing activities. To 
model human system change capability and 
to test this with respect to feasible 
production dynamics i.e. product variance . 
To test and model human systems with 
different configurations and layout to 
production dynamics i.e. product variance 
and production volume. To discuss and 
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illustrate with simulations the effect of 
roles and role holders on the management 
options available for a range of 
manufacturing situations such as product 
variance, leading to an indication of how 
the modelling methods can be applied to 
real world situations. 
Bottlenecks, 
production 
cost/value, 
throughput 
6- Case study SM To implement modelling methods and 
observe the applicability. 
Table  9-2: Methodology developed 
9.5.2 On Exploratory Testing of the Methodology  
The methodology has been applied in three different case studies. Table 9-3 compares 
and contrasts the three case study applications of the methodology. 
 
Modelling 
method 
Applied 
Types of 
PS 
Configuration and 
concepts tested 
Discussions 
Application 
of MM1 
Make 
Shop & 
Production 
Line 
Flat-sheet bearing   
  (1 layout) 
 
1)Reprogrammabi
lity 
2)Reconfigurabili
ty 
 
MM1 was applied to explore aspects of 
human resourcing a flat-sheet bearing 
production line. The steps include: 
Step 1- develop EM of the host ME 
Step 2- product classification and work 
organisation. 
Step 3- resource modelling 
Step 4- integration modelling 
Step 5- dynamic implementation 
Step 6- case study SM experiment 
The production layout was tested with 
two experiments which mimic ways in 
the case study company in which 
human resources: (1) are programmed 
and (2) could in the future be re-
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configured. 
Application 
of MM2 
Assembly 
line 
Point of Purchase 
(POP) assembly 
(2 layouts) 
 
 Lean cells 
Reprogramma
bility 
 Batch 
assembly-
reprogramma
bility 
 
MM1 was also applied in this case 
study but because of the increased 
complexity of the product realising 
processes in this company (relative to 
company 1) the processes initial 
classification of processes into ‘obtain 
order’, ‘fulfil order’ and ‘manage order’ 
was made.  
Furthermore two sets of POP assembly 
layouts were tested to contrast the 
programmability of these two 
assembly/human system configurations.  
Here simulation modelling compared 
the dynamic behaviours of two 
different assembly layouts, which 
required a significantly different 
configuration of competent human 
resources.  
Application 
of MM3 
Assembly 
line 
A2 a/c assembly  
 
 Reprogramma
bility 
 Reconfigurabi
lity  
 
The MM1 method in this case 
introducing the use of DPU concepts 
during static modelling stages further 
extended study.  
Cases of programmability and 
reconfigurability were also tested in 
this case; and the dynamic behaviours 
of two configurations were compared. 
Application 
of extended 
modelling 
Assembly 
line 
Vodaphone and 
Rimmel assembly 
line 
 Product 
variance 
 Reconfigurabi
lity 
 
 
 
This chapter is designed to test the 
operations of an assembly line 
coherently producing two types of 
product by sharing the same assembly 
line resources. Three sets of 
configurations were tested. Also this 
study incorporates example cost 
calculations of workers when different 
configurations were used. Results from 
the SM are aimed at supporting 
production engineers, production 
planners as well as cost engineers. 
Table  9-3: Methodology implemented 
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9.6 Contributions to knowledge 
 
Here the primary research achievements are discussed in terms of their contributions to 
knowledge: 
i. New and complementary process, resource and work modelling concepts related 
to human system modelling in MEs were conceived and partially tested that 
enable complexity handling and experimental change management. The use of 
these concepts is organised by using a proven EM (Enterprise Modelling) 
approach to explicitly represent specific case process networks employed by the 
host ME. The approach enforces decomposition principles and thereby has 
potential to systemise aspects of enterprise engineering and related human 
resource systems design in specific case MEs. The approach conceived also 
explicitly describes process oriented roles and structural relationship between 
those roles as a formal decomposition of process network; and this has apparent 
potential to explicitly and visually represent ME organisational structures in a way 
not previously reported in the literature. 
ii. A new contribution was also made by developing ideas and modelling concepts 
that enable modellers to maintain a clear separation between models of ‘role 
requirements’ and ‘role holders’. This separates ‘ME processing requirements’ 
from ‘ME candidate resource system designs’ to conform to general systems 
engineering practise. The separation of people (candidate system) and roles 
(process) allows systematic allocation and reallocations of people-roles system in 
manufacturing enterprise that can be used in designing people system in 
simulation modelling. Also this assist simulation model engineers to reuse human 
roles in modelling and to interpret simulation results according to the different 
human capabilities as well as different process demands.  It also allows consistent 
abstract representation of ‘human’ and ‘technical (IT and machines) resources’ so 
that the method proposed can be used in the wider spectrum of system types i.e. 
manual, semi manual or fully automated resource systems in ME’s. 
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iii. The method proposed contributes to knowledge by introducing ways of encoding 
and enumerating aspects of flexibility options when resourcing processes i.e. re-
programmability and re-configurability.  
iv. Case study applications of the methodology were shown to enable enhanced 
production and assembly system behaviours and performance (i.e. lead time, 
throughput etc) modelling. This enabled: 1) selection of role holders with required 
competencies and sufficient capacity to execute processes, 2) prediction of aspects 
of process performances before costly systems implementation and physical 
testing, 3) provision of means of enabling continuous process improvement based 
on model re-use. 
v. The application of DPU concepts linked the use of role and role holder modelling 
concepts and introduced new thinking by integrating process modelling into a 
reference framework that covers static modelling, dynamic modelling and role 
related modelling. 
vi. Methods that facilitate complex systems modelling i.e. different types of human 
configurations set within the context of a host ME which can be tested under 
dynamic conditions i.e. when product variance and dynamic volume with 
stochastic order despatch scenarios arise. Potentially this can help companies by 
enabling relevant users to make choices such as. (a) between lean and agile, batch 
assembly or cell assembly etc in the long term, (b) during medium term process 
improvement projects, and (c) during shorter term planning & scheduling 
operations. 
vii. The application of cost equations for workers can help users/decision makers to 
predict relative labour costs of each configuration used.  
9.7 Critical Review of the research 
The primary limitations of this research are listed below. 
 
 The human system modelling methods were tested by mimicking three different 
industrial situations drawn from different backgrounds. However the researcher had 
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limited access to the plants involved and therefore limited availability of actual case 
data restricted the delivery of robust system designs. Also the cases were tackled at 
operational levels only and hence further testing is needed (e.g. at tactical and 
strategic levels) to determine the extent to which the methods and modelling 
concepts have wider applicability. 
 This research has limited coverage of modelling aspects of human systems in ME’s, 
as it only covers ‘measures’ of human functionality and changeability. This means 
that human systems are modelled mechanistically without reference to other human 
attributes i.e. physical, motivational, and ergonomic and so on. Thus the modelling 
work simplifies human systems modelling, and in simulation models uses human 
competency measures as a surrogate to human performance in ME. It follows that 
users of the model types proposed need to be aware of this limitation and decide if 
the resultant simplifications made are appropriate in the domains in which those 
models are used. 
 The proposed methodology cannot capture all environmental variables impinging on 
a modelled ME. However it provides a process-oriented framework for modelling 
into which other modelled entity types, such as inventory levels, purchase delays, 
values and costs, can be positioned. 
9.8 Further work 
 
 There is much other work on modelling humans from ergonomic, psychological 
and physiological points of view. Relatively, however little of their research was 
reported pertaining to modelling human system functionality. This research is at 
a relatively embryo stage of development and significant further investigation 
needs to be carried out. This is particularly true with respect to the use of its 
programmability, reconfigurability and DPU ideas and how these ideas can 
enable and quantify performances of alternative human, machine and combined 
human-machine manufacturing system designs. 
 The methodology should also be tested in other ME organisations for wider 
applicability, such as automotive, biomedicine and aerospace companies that the 
human compositions and configurations in these organisations are distinctive. 
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 Due to rapid change in global economies and uncertainties in customer related 
demand in ME’s a developed version of the proposed methodology could be 
used to help understand manufacturing complexities and how ME can and 
should behave responsively towards global change. 
 The functional and changeability aspects of human systems, set within specific 
ME contexts, could be used to measure human capacity and human capital 
investment in ME. Thus could provide measures of behaviouristic and 
qualitative inference when developing and designing human systems in ME. 
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Abstract 
	
Human	systems	are	an	important	part	of	any	organization.	Recently	attention	has		been	paid	
to	 modelling	 various	 aspects	 of	 people	 organized	 into	 production	 systems	 including	
production	performance,	efficient	resource	allocation	and	optimum	resource	management.	In	
this	 research,	 the	 human	 systems	 used	 to	 resource	 manufacturing	 processes	 are	 analyzed	
through	the	systematic	application	of	static	and	dynamic	models.	Enterprise	Modelling	is	use	
to	create	static	models	that	can	be	transformed	into	equivalent	simulation	models	that	enable	
dynamic	 analysis.	 This	 provides	 both	 graphical	 and	 computer	 executable	models	 of	 people	
working	 in	 manufacturing	 environments.	 The	 approach	 taken	 systematically	 decomposes	
processes	and	their	elemental	activities	into	explicit	descriptions	of	roles	that	potential	human	
role	 holders	 can	 play.	 This	 approach	 facilitates	 quantitative	 analysis	 and	 comparison	 of	
different	human	system	configurations	that	suit	various	manufacturing	workplaces.	The	paper	
describes	how	 the	 approach	 leads	 to	 the	design	 of	 human	 systems	using	 a	 set	 of	modelling	
constructs	that	relate	Functional	Operations	(FOs)	and	Functional	Entities	(FEs)	of	a	process.	
In	 this	 paper,	 the	 researcher	 illustrates	 the	 application	 of	 the	 modelling	 approach	 and	
observes	advantages	gained	using	coherent	enterprise	and	simulation	models.	Also	described	
is	how	the	models	enable	prediction	about	the	relative	performance	of	alternative	production	
system	designs,	comprising	people	and	machines	allocated	to	different	process	oriented	roles.		
Keywords: Human system, manufacturing enterprise, simulation modelling, process-oriented, enterprise 
modelling.  
1. Introduction 
As	 designers	 and	 managers	 of	 Manufacturing	 Enterprises	 (MEs),	 assigned	 persons	
need,	‘abilities’	and	‘tools’	necessary	to	determine	appropriate	‘roles’	for	other	groups	
of	people,	i.e.	‘human	systems’	that	can	appropriately	resource	role	sets	determined	by	
the	designers/managers	concerned.	But	ME	design	and	management	is	in	general	very	
complex,	not	least	because	competent	human	resources	will	be	limited	and	costly	and	
will	themselves	be	complex.	Recently	there	has	been	increased	interest	in	the	study	of	
human	systems	and	human	systems	integration	with	MEs.	This	growing	interest	leads	
to	 strategies	 in	 coping	 with	 human	 system	 complexity	 (behavioural,	 psychological,	
culture,	attributes	etc).		
	
The	purpose	of	this	paper	is	twofold,	to:	
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 propose	 a	 human	 system	 modelling	 technique	 which	 can	 be	 used	 on	 an	
ongoing	 and	 systematic	 basis	 to	 model,	 understand	 and	 engineer	 human	
systems	that	satisfy	dynamic	production	system	requirements;		
 analyze	 key	 aspects	 of	 human	 system	 dynamics	 by	 developing	 static	 and	
dynamic	models	of	human	system.		
	
The	paper	will	discuss	the	background	of	the	research	work.	It	will	also	explain	how	
Enterprise	 (static)	 and	 Simulation	 (dynamic)	 modelling	 can	 be	 used	 in	 a	
complementary	fashion	to	visualise	and	computer	execute	alternative	possible	human	
system	deployments.	
2. Manufacturing complexity and manufacturing paradigm 
Over	 many	 years	 great	 interest	 has	 been	 placed	 in	 managing	 complexity	 in	
manufacturing	 organizations.	 Siemieniuch	 and	 Sinclair[1]	 defined	 manufacturing	
complexity	for	an	organization	perspective	as	the	interactions	between	the	entities	of	
an	 organisation	 that	 give	 rise	 to	 unpredictable	 organization	 performance.	 Common	
entities	in	manufacturing	organizations	comprise	human	resources,	electromechanical	
and	 IT	machines	which	 typically	are	organised	 to	realise	 infrastructure	services	and	
customer	related	processes	[2].		
	
When	 seeking	 to	 manage	 complexity,	 various	 approaches	 and	 manufacturing	
paradigms	 have	 been	 introduced.	 For	 example	 the	 Group	 Technology	 (GT)	 was	
introduced	to	improve	manufacturing	processes	by	means	of	grouping	and	coding.	GT	
types	of	 activities	 are	also	 referred	as	 classification	and	clustering:	of	parts	 that	are	
similar	 in	 nature;	 or	 parts	 that	 require	 operations	 of	 similar	 machinery	 and	
processes[3].	Advantages	of	deploying	GT	philosophy	are	 (1)	 to	 simplify	 the	 flow	of	
parts	and	tools,	(2)	to	reduce	set‐up	times,	(3)	increase	through‐put	time,	(4)	reduce	
work‐in‐process	 inventory	 and	 (5)	maximize	 design	 and	manufacturing	 efficiencies.	
However	 according	 to	 name	 [3]the	 use	 of	 a	 clustering	method	may	 not	 be	 efficient	
because	of	constraints	 from	needed	information	flow	in	the	processes;	 like	 if	data	in	
relation	 to	 material,	 geometry	 and	 tolerances	 is	 not	 available.	 In	 such	 case	 the	
classification	method	may	prove	more	effective.	Kusiak	and	Heragu	proposed	use	of	
hybrid	classification	and	clustering	systems	and	suggest	that	these	approach	could	be	
further	improved	through	optimization	linked	with	some	form	of	artificial	intelligence	
system.	
	
Improved	management	 of	 ME	 complexity	 followed	 the	 introduction	 of	 GT	 thinking,	
after	 which	 new	 philosophy	 was	 introduced,	 such	 as	 by	 the	 introduction	 of	 Lean	
thinking	or	Lean	Manufacturing	LM.	Lean	literally	means	reducing	waste	and	because	
many	 of	 LM	 ideas	 originated	 from	 Japan	 the	 Japanese	word	muda	has	 been	widely	
associated	with	LM.	The	basis	of	LM	philosophy	 is	to	enhance	mass	production	 lines	
by	getting	the	right	thing	in	the	right	place	the	first	time	(to	reduce	waste	to	as	low	a	
level	as	possible)	and	by	achieving	required	levels	of	flexibility	in	production	(machine	
 	 14
set‐up,	resource	configure/reconfiguration,	plant	design,	product	quality	etc)[4].	Lean	
thinking	 has	 impacted	 industry	 worldwide,	 often	 through	 continuously	 changing	
processes	and	their	resourcing	to	enhance	their	operation	progressively.	Lean	cells	for	
example,	were	developed	to	ensure	smooth	flow	of	material	and	components	through	
systematically	arranged	workstations	and	machines	(termed	a	working	cell)	so	as	to	
minimize	delay	and	waste.	But	complexity	in	MEs	not	only	covers	issues	of	minimizing	
waste,	 time	 delay,	 product	 quality	 and	 systematic	 management	 of	 production	
processes,	 but	 also	 flexibility	 issues	 involved	 in	 being	 responsive	 towards	 customer	
demands,	particularly	if	that	demand	is	uncertain.	
	
The	 average	 lifetime	 of	 products	 has	 shortened	 dramatically	 in	 the	 last	 10	 years.	
Product	 variations	 have	 increased	 and	 this	 requires	 MEs	 to	 be	 more	 flexible	 and	
responsive	 towards	 their	 customer	 demands.	 Lean	 thinking	 is	 largely	 focused	 on	
improvements	 in	 mass	 production	 activities.	 But	 current	 trends	 in	 global	 demands	
mean	 that	 more	 products	 are	 now	 produced	 in	 low	 quantities,	 with	 high	 variety	
amongst	 demand	 patterns.	 This	 is	 because	 increasingly	 products	 are	 highly	
customised	 and/or	 their	 underlying	 technologies	 and	 components	 are	 subject	 to	
increased	rates	of	change.	These	kinds	of	requirements	have	prompted	Agile	thinking.	
Agile	 thinking	 is	 about	 enabling	 MEs	 to	 respond	 quickly	 to	 customer	 demands.	 In	
general	it	is	supposed	that	this	is	achieved	by	being	responsive	and	being	able	to	re‐
configurate	efficiently.	Richards	states		that	being	responsive	and	agile	is	as	being	able	
to	 respond	 to	 sophisticated	 customer	 requirements	 under	 persistent	 changing	
competitive	processes	and	success	factors[5].		
	
Lean	is	expected	to	achieve	higher	productivity,	enhanced	quality,	shorter	lead	times	
and	reduced	cost	[4,	6].	However	agility	is	to	enable	small	batch	production,	capable	of	
satisfying	continuously	changing	customer	requirements,	and	ultimately	being	able	to	
produce	‘anything	,	in	any	volume,	at	any	time,	anywhere	and	anyhow’[7].	On	another	
view	 it	 is	 said	 by	Hamel	 and	Prahalad	 that	 lean	 production	 is	 classified	 as	 process‐
focussed	 organization	 and	 agile	 production	 is	 specified	 as	 boundary‐focussed	
organization.[8].	 	 Agility	 places	 greatest	 stress	 on	 flexibility.	 Thus	 the	 concept	 of	
Holonic	 manufacturing	 emerged	 with	 ideas	 and	 techniques	 to	 improve	 flexibility	
within	ME’s.	Holons,	or	ME	entities	interact	with	each	other,	and	this	interaction	can	in	
general	 bring	 unpredictable	 and	 uncontrollable	 behaviour	 to	 manufacturing	
organisations.	Holon	as	a	concept	can	typically	be	a	cell	or	functional	unit	that	is	able	
to	perform	functions	 that	serves	 the	overall	system	purpose[9].	Functional	units	are	
configured	in	the	manner	illustrated	by	Figure	1,	where	Holons	exhibit	characteristics	
of	 autonomy	 and	 cooperation.	 	 A	 single	holon	 could	 can	 be	part	 of	 larger	 groups	 of	
other	 holons,	 or	 can	 contain	 smaller	 groups	 of	 holons.	 These	 holons	 are	 capable	 of	
deciding	 and	 cooperating	 autonomously	 within	 their	 ME	 environment	 [10].	 Having	
this	 kind	 of	 mechanism	 working,	 in	 principle	 holonic	 manufacturing	 systems	 can	
support	‘intelligent’	manufacturing.	
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Figure 1 : 
Illustration 
of Holons 
3. Need to model human systems. 
The	new	millennia	has	seen	rapid	change	in	many	aspects	and	segments	of	in	
manufacturing	industry.	Some	factors	that	contribute	towards	this	change	are:	
 Intense	global	competition.	
 Mass	markets	fragmenting	into	niche	markets.		
 Customers	expecting	low	volume,	high	quality,	custom	products.		
 Seemingly	 ever	 shortening	 product	 life‐cycles,	 development	 times,	 and	
production	lead	times	are	required.		
 Customers	want	to	be	uniquely	treated,	i.e.	as	individuals	
	
In	an	attempt	to	address	these	factors,	organisations	keep	on	being	re‐configured.	This	
for	 example	 may	 require	 change	 in	 human	 oriented	 organisational	 structures.	
Manufacturing	 organisations,	 basically	 comprise	 human	 resources,	 and	
electromechanical	 and	 IT	 machines;	 and	 in	 general	 systematic	 use	 of	 these	 ‘active’	
resources	 (i.e.	 resources	 that	 can	 perform	 required	 ME	 actions)	 are	 commonly	
organised	 so	 that	 they	 systematically	 achieve	 value	 adding	 processes	 and	 related	
infrastructure	 support	 and	 engineering	 developmental	 activities	 [2].	 Earlier	 in	 this	
paper,	 the	 literature	 focussed	 on	 the	 paradigms	 and	 approaches	 that	 industry	 is	
adopting	to	improve	manufacturing	processes.	However	these	paradigms	were	mainly	
discussed	in	respect	of	their	mechanistic	aspects	rather	than	their	behavioural	aspects	
and	how	such	behaviours	can	impact	on	MEs.	Human	is	the	essence	of	all	business	and	
operational	activities.	However	the	functional	aspects	of	human‐related	processes	still	
requires	further	study.		As	the	prime	ME	resource,	there	is	a	great	need	for	humans	to	
know	about	the	‘how’,	‘what’	and	‘do’	(BS	ISO	14258:1998)	activities	and	related	roles	
that	they	and	other	humans	can	play	with	respect	to	manufacturing	activities.		
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The	 literature	 reviewed	 in	 this	 paper	 illustrated	 that	 there	 is	 a	 gap	 in	 quantitative	
understandings	 about	 potential	 roles	 of	 technical	 (electromechanical	 and	 IT)	
resources	 and	 related	 roles	 that	 human	 resources	 can	 play	 with	 respect	 to	
engineering,	infrastructural	and	direct	value	adding	manufacturing	activities.		
	
	
	
	
	
	
Figure 2: Human system modelling in Manufacturing Enteprise (ME) 
	
As	 yet	 there	 is	 no	 widely	 accepted	 (by	 industry	 or	 academia)	 systematic	 way	 to	
qualitatively	and	quantitatively	model	ME	process	oriented	roles;	and	how	such	roles	
may	 function	over	 time	under	differing	production	demand	patterns	 should	 they	be	
resourced	 by	 humans	 and	 machines	 or	 by	 humans	 or	 machines.	 model	 the	
relationship	 between	 human/human	 and	 human/machine	 relationship.	 Whereas	
great	 advantage	 could	 be	 gained	 by	 having	 a	 ‘simulation	 tool’	 to	model	 alternative	
combinations	 of	 resource	 entities;	 so	 as	 to	 inform	 1)	 the	 managerial	 aspects	 of	
human/machine	 resource	 allocation	 thus	 enabling	 efficient	 reconfiguration	 and	
prediction	 on	 organisation	 behaviour	 and	 2)	mid	 to	 long	 term	 investment	 decision	
making.	
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3.1 Human system modelling in Manufacturing Enterprise 
Humans	 are	 unique	 and	 their	 behaviour	 can	 be	 difficult	 to	 predict.	 Thus	 it	may	 be	
almost	 impossible	 to	model	 the	unconstrained	human	due	 to	 these	complexities.	On		
the	other	hand,	 potentially	human	 systems	 can	be	modelled	 from	more	 constrained	
viewpoints.	 Example	 viewpoints	 include:	 psychology,	 physiology,	 culture,	 structure,	
dynamic,	roles	and	attribute.	This	is	illustrated	by	figure	3.	
	
		
Figure 3: Human system entities 
	
Researchers	 in	 the	 MSI	 (Manufacturing	 System	 Integration	 Institute)	 have	 focused	
their	human	systems	modelling	efforts	on	modelling	people	roles	(i.e.	organised	sets	
of	activities	that	people	perform)	and	to	consider	how	the	abilities	and	behaviours	of	
potential	human	role	holders	 impact	on	achieving	production	 targets.	The	approach	
being	taken	is	therefore	based	in	process	oriented	modelling.	One	thread	of	top‐down	
modelling	followed	is	centred	on	ME	process	decomposition	into	hierarchy/levels	for	
action	 taking	 and	 information	 sharing.	Here	processes	 are	 explicitly	 and	 graphically	
modelled	as	related	sets	of	enterprise	activities	(EAs)	which	identify	possible	sets	of	
explicitly	defined	roles	that	can	be	resourced	by	alternate	groups	of	people	competent	
to	perform	the	role	sets	defined.	Here	role	sets	essentially	specify	a	process	oriented	
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organisational	 structure.	 The	 activities	 are	 defined	 in	 terms	 of	 unitary	 functional	
operations	(FO)	that	require	unitary	 functional	entities	(FE)	which	can	be	possessed	
by	 human	 and/or	machine	 holders	 of	 those	 roles.	 In	 a	 second	 thread	 of	 modelling	
candidate	human	(and	machine)	holders	of	roles	are	described	in	a	tabular	fashion,	in	
terms	of	the	competencies	they	can	bring	to	bear	on	defined	role	sets	(which	can	be	
matched	to	FE)	and	likely	behavioural	performances	they	can	achieve	(which	can	be	
linked	to	FO	sequence	models).	A	third	thread	of	modelling	is	centred	on	simulation	of	
alternative	candidate	configurations	of	 roles	and	role	holders,	which	provides	a	 tool	
for	 comparing	 throughputs,	 utilisation,	 cost	 and	 value	 generation	 abilities	 of	 those	
alternative	configurations.	
4. Modelling concepts and research methodology 
MSI	 researchers	 have	 been	 using	 enterprise	 engineering	 and	 simulation	 modelling	
technique	 to	 aid	 decision	 making.	 Enterprise	 modelling	 is	 used	 primarily	 to	 (1)	
externalizing	 enterprise	 knowledge	 about	 case	 study	MEs,	 and	 can	 add	 value	 to	 the	
enterprise	 by	 enabling	 knowledge	 sharing	 and	 (2)	 to	 provide	 a	 process‐oriented	
decomposition	mechanism,	 so	 that	 high	 levels	 of	 complexity	 can	 be	 handled	 and	 it	
becomes	possible	to	break	down	the	barriers	in	organization	that	hinder	productivity	
by	synergizing	the	enterprise	to	achieved	better	understandings	about	how	business	
goals	can	be	achieved	in	an	efficient	and	productive	way[11].	
	
The	 enterprise	 modelling	 (EM)	 technique	 used	 in	 this	 study	 is	 known	 as	 CIMOSA.	
CIMOSA	is	an	acronym	derived	from	CIM	Open	System	Architecture	and	this	acronym	
was	 introduced	 by	 the	 AMICE	 consortium.	 In	 CIMOSA	 the	 user	 representation	 and	
system	representation,	and	related	function	information	and	control	perspectives	are	
decomposed.	 The	 associated	 decomposition	 and	 isolation	 of	 different	 modelling	
concepts	 and	 viewpoints	 enables	 an	 organization	 to	 be	 represented	 in	 a	 flexible	
fashion,	so	as	to	realise	changing	requirements	for	functional	and	facilities	integration.	
	
CIMOSA	modelling	enables	ME	decomposition	into	the	following:		
 Domains	(DM)	
 Domain	Processes	(DP)	
 Business	Processes	(BP)	and	
 Enterprise	Activities(EA)	
 Functional	Operators	(FO)	
 Functional	Entities	(FE)	
	
Graphical	representation	of		CIMOSA	models	is	illustrated	in	generic	form	by	Figure	4.	
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Figure 4: CIMOSA static model 
	
Case	study	modelling	is	also	supported	by	simulation	models	(dynamic	models)	that	
are	 in	 part	 derived	 from	 (and	 hence	 are	 consistent	 with)	 selected	 segments	 of	 the	
CIMOSA	static	model.	 CIMOS	graphical	models	 are	 static	 in	 the	 sense	 that	 they	only	
encode	 relatively	 enduring	 properties	 of	 MEs	 and	 cannot	 be	 computer	 executed	 to	
show	 ME	 behaviours	 over	 time.	 The	 simulation	 models	 are	 capable	 of	 modelling	
queues,	 stochastic	 events,	 product	 flows,	 process	 routes,	 resource	 utilisation,	
breakdowns	and	absence,	exception	flows	and	etc.		
	
Enterprise	 and	 simulation	 modelling	 techniques	 can	 mutually	 support	 analysis	 of	
human	system	roles	in	a	manufacturing	enterprise.	First	EM		 enables	 modelling	 via	
systematic	 decomposition	 of	 processes	 into	 enterprise	 activities	 and	 second	 these	
models	 could	 be	 computer	 exercised,	 via	 a	 selected	 simulation	 tool	 to	 enable	
experiments	 to	 be	 carried	 out	which	 predict	 behaviour	 outcomes	 if	 human	 systems	
are	deployed	in	different	ways.		
5. Research domain and integration of enterprise & simulation modelling. 
A	bearing	making	company	was	chosen	as	the	domain	of	study.	 In	 this	company	the	
products	 fall	 into	 four	 categories.	 They	 are	 all	 bearing	 products	 but	 they	 are	
distinguished	 in	 terms	of	 their	raw	(composite)	material	 requirements	with	product	
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classes	of	 ‘Flat	sheet’,	 ‘Strip	sheet’,	 ‘Round	(narrow)’	and	‘Round(wide)’.	The	product	
class	 that	 is	chosen	 for	 this	study	 is	 the	 ‘Flat	sheet’	class.	The	EM	(and	specifically	a	
relevant	 ‘activity	 diagram’)	 explicitly	 portrayed	 how	 relevant	 business	 processes	
(BPs)	and	Enterprise	Activities	(EAs)	lead	to	flat	sheet	production.		
	
The	human	resource	utilisation	in	respect	of	each	of	the	EAs	involved	in	Flat	sheet	
production	was	determined	using	the	following	equation:		
Theoretical	operators	needed	=			Total	Cycle	Time	
	 																						Takt	time	
Researchers	from	MSI	have	captured	data	and	have	populated	these	data	in	the	table	
below.	 The	 processes	 that	 has	 been	 timed	 (	 total	 cycle	 time,	 takt	 time)	 is	 as	 are	
according	to	product	types	i.e.	flat	sheet,	strip	sheet	and	round‐narrow	type.	
	
Summary	of	the	theoretical	operators	needed	for	each	process	are	as	referred	in	the	
next	table.	
Product	Types	 TCT Takt	time No	of	operators	
Flat	sheet	 364	 107	 3	
Strip	Sheet	 292	 107	 2	
Round	‐	Narrow	 402 33 12	
	
Table1: Theoretical operators needed at each processes 
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Figure 5: Activity diagram of the chosen case study 
	
The	sequence	of	raw	material	processing	operations	for	flat	sheet	making	is	described	
in	 the	activity	diagram	of	Figure	5.	This	 is	however	only	a	small	 segment	of	 the	BPs	
and	EAs	investigated	in	this	research	domain.	As	illustrated	in	Figure5,	the	processes	
and	 routes	 centred	 on	 processing	 activities	 and	 each	 of	 these	 processes	 needed	
resources	(human	,	machine	etc)	to	realise	each	EAs.	In	the	simulation	models	(SMs),	
enterprise	activities	numbered	EA5211‐1,	EA5211‐2	AND	EA5211‐1	are	 categorised	
into	‘Pre	wrapping’	WC1	and	‘wrapping’	at	WC2	which	models	activities	performed	in	
respect	 to	 EA5211‐4.	 At	 WC3	 the	 EAs	 numbered	 EA5211‐5	 to	 EA5211‐11	 are	
categorised	together	as	 ‘PreLaminate’.	Then	at	WC4	the	 ‘Laminate’	role	is	performed	
via	 EA5211‐12.	 Also	 at	 WC5	 the	 ‘post‐laminate’	 role	 is	 performed	 related	 to	 EAs	
numbered	EA5211‐14.	Finally	at	WC6	 the	 ‘clean’	 role	 is	executed	via	EAs	numbered	
EA5211‐15.		
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`	
	
Figure 6: Simulation modelling (SM) of Flat sheet making 
	
	
Figure 7: Frame 
	
The	tool	used	for	the	simulation	modelling	is	Tecnomatix	Plant	Simulation	modelling	
software.	 The	 object‐oriented	 modelling	 software	 enables	 graphical	 and	 integrated	
modelling,	for	simulating	and	visualizing	systems	and	business	processes.		
	
The	 SM	 tool	 is	 capable	 of	modelling	 human	 resources	 hierarchically.	 The	 broker	 or	
acting	 as	 supervisor	 worked	 by	 assigning	 workers	 in	 the	 work	 pool	 to	 perform	
activities/processes	at	the	workstations.	Workstations	are	the	places	where	worker	is	
assigned	 to	 do	 their	 work	 and	 in	 this	 case,	 	multiple	 processes	 	 in	 a	 ‘frame’	 (refer	
figure	7)	are	assigned	with	multiple	workstations	whereas	at	single	processes	,	single	
workstation		is	assigned	to	it.	
 	 23
	
From	 Table	 1	 it	 is	 calculated	 that	 for	 flat	 sheet	 bearing	 production	 3	 workers	 are	
ideally	 required.	 In	 such	 a	 case	 the	 efficiency	of	 the	workers	 are:	 for	 two	workers	 ‐	
85%	 efficient	 and	 the	 other	 ‐	 75%	 efficient.	 From	 there	 the	 chart	 the	 overall	
performance	of	the	work	centres	defined	in	the	SM	is	shown.	The	column	in	the	chart	
shows	 the	pattern	of	working	 and	blocked	processes	 taking	place	 during	 the	 run	of	
simulation	modelling.	
6. Further work in human system modelling in manufacturing enterprise 
	
The	 preliminary	 SM	 experiments	 related	 to	 deploying	 human	 systems	 in	 the	 case	
study	domain	can	be	significantly	enhanced.	Current	modelling	is	based	on	the	‘as	is’	
model,	 i.e.	 the	 current	 process	 carried	 out	 in	 the	 particular	 bearing	 manufacturing	
system.		Improvements	that	will	be	performed	in	later	stages	include:	
	
1) Using	SM	and	Static	Model	for	modelling	and	allocating	the	right	worker	for	the	
right	processes	according	to	different	competency	levels	of	workers.	
2) Designing	an	enhanced	matching	system	for	workers	working	in	a	team,	i.e.	a	
cross	department	project‐based	team.	This	team	will	comprise	different	people	
from	respective	departments	working	on	project/job	basis.	This	could	enhance	
transparency	 and	 information	 flow	 in	 respect	 to	 manufacturing	 activities	
carried	out	in	the	study	domain.	
7. Summary and Conclusions 
	
This	 research	 is	 investigating	 a	 novel	 approach	 to	 systematically	 and	 quantitatively	
designing	and	predicting	the	performance	of	alternative	human	system	configurations	
and	 other	 possible	 deployments.	 This	 approach	 has	 developed	 new	 understandings	
about	 different	 types	 of	 model	 that	 can	 be	 used	 to	 characterize	 human	 system	
dynamics.	 This	 characterization	 is	 based	 on	 a	 job	 order	 specification	 at	 which	
influenced	by	multiple	 variances	 i.e.	 product	 specification	variances.	At	 this	 stage	of	
experimentation	 the	author	has	not	yet	been	able	 to	 find	out	whether	 these	models	
can	 usefully	 predict	 the	 impact	 of	 the	 overall	 performance	 of	 manufacturing	
enterprise	due	to	product	variance.	But	early	results	are	encouraging.	
	
EM	 enables	 efficient	 information	 flow	 and	 this	 helped	 in	 the	 creation	 of	 simulation	
models.	SM	corresponding	to	a	particular	segment	of	the	EM	were	found	to	be	able	to	
model	 several	 candidate	 behaviours	 in	 respect	 to	 related	 manufacturing	 activities.	
Also	 it	 was	 observed	 to	 be	 natural	 to	 generate	 alternative	 or	 ‘to	 be’	 models	 for	
different	 human	 system	 configurations	 and	 to	 computer	 execute	 comparative	
production	system	behaviours.	
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The	 study	 on	 human	 system	 modelling	 is	 strongly	 recommended	 in	 regard	 to	 the	
design	and	redesign	of	manufacturing	systems	to	inform	new	product	development	or	
the	enhancement	of	existing	production	systems.	
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ABSTRACT 
Human	 systems	 are	 an	 important	part	of	 any	organization	 .	Recently	 attention	
has	been	paid	to	modeling	various	aspects	of	people	organized	into	production	
systems	 including	 production	 performance,	 efficient	 resource	 allocation	 and	
optimum	 resource	 management.	 In	 this	 research	 graphical	 and	 computer	
executable	models	of	people	have	been	conceived	and	used	in	support	of	human	
system	 engineering.	 The	 approach	 taken	 has	 been	 systematically	 decompose	
processes	 and	 their	 elemental	 activities	 into	 explicit	 descriptions	 of	 roles	 that	
potential	 human	 role	 holders	 can	 play.	 This	 approach	 facilitates	 quantitative	
analysis	 and	 comparison	 of	 	 different	 human	 system	 configurations	 that	 suit	
various	manufacturing	workplaces.	The	paper	describes	how	the	approach	leads	
to	 the	 design	 and	 runtime	 simulation	 of	 human	 system.	 In	 this	 paper,	 the	
researcher	illustrates	the	application	of	this	approach	and	observed	advantages	
gained	 from	 the	 use	 of	 simulation	 technologies.	 This	 paper	 described	 how	 the	
models	enable	prediction	of	 the	relative	performance	of	alternative	production	
system	 design	 comprises	 people	 and	 machines	 allocated	 to	 process	 oriented	
roles.		
Keywords: Human system, manufacturing enterprise, simulation modeling, process-oriented.  
 
1. Introduction 
The	 literature	 review	 shows	 that	 ME’s	 are	 subjected	 to	 increasing	 dynamic	
impacts	arising	 in	the	business	environment	 in	which	they	operate.	To	address	
these	 kinds	 of	 concern	 manufacturing	 philosophies	 like	 Agile	 Manufacturing,	
Reconfigurable	 Manufacturing	 Systems	 (RMS),	 Mass	 Customization	 &	
Postponement	and	Holonic	manufacture	have	emerged	 to	uniform	MEs	how	 to	
achieve	 increased	 flexibility	 and	 responsiveness.	 However,	 on	 general	 these	
philosophies	 are	 only	 supported	 by	 limited	 implementation	 tools	 to	 quantify	
relative	benefits	of	 choosing	 alternative	philosophies;	 and	more	particularly	 in	
the	 context	 of	 this	 research	 paper,	 to	 relative	 quantify	 benefits	 of	 alternative	
ways	 of	 resourcing	 process	 oriented	 roles	 in	 accordance	 with	 selected	
philosophy.	 Also	 observed	 is	 that	 despite	 significant	 advance	 in	 best	 practice	
complex	systems	engineering	,	as	yet	in	industry	there	is	no	model	nor	coherent	
means	 of	 modeling	 organizational	 structures	 and	 the	 related	 time	 based	
behaviors	of	the	human	and	technical	(machine	and	IT	system)	resources.	On	the	
other	 hand,	 various	modeling	 techniques	 have	 been	 developed	 to	 characterize	
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machines	(and	their	competencies	and	behaviors)	and	these	techniques	becomes	
commonly	implemented	using	virtual	engineering	and	simulation	NC	and	robot	
systems	of	resources.	But	generally	because	ME	modeling	to	human	system	is	so	
complex	 and	 generally	 sthe	 software	 support	 tools	 are	 somewhat	 special	
purpose	e.g.	to	model	kinematics	and	ergonomic	characteristics	
2. The Scope and focus of the study 
This	paper	addresses	the	question:	given	a	well	defined	set	of	process‐oriented	
roles	how	best	should	work	roles	be	resourced?	In	this	respect	it	is	assumed	that	
either	 (1)	 people	 or	 (2)	 some	 for	 of	 machine	 or	 IT	 system	 or	 (3)	 some	
combination	 of	 (1)	 and	 (2)	will	 prove	most	 effective;	 and	 that	 generally	 these	
kinds	of	‘active’	resource’;	will	be	constrained	in	terms	of	their	availability	short	
and	 long	 term.	Also	 assumed	 is	 that	 (a)	 the	nature	 of	 roles	 and	 (b)	 the	works	
loads	placed	on	the	roles	will	determine	the	most	effective	match	of	‘role	holders’	
to	 ‘the	 defined	 set	 of	 process	 oriented	 roles’	 Furthermore	 it	 is	 assumed	 that	
because	 the	 work	 loads	 in	 MEs	 are	 typically	 determined	 by	 customers	 and	
related	 factors	 in	 the	 ME’s	 environment	 then	 these	 workloads	 will	 frequently	
change.	This	 latter	points	provides	a	baseline	rationale	for	this	study	in	that	an	
improved	 systematic	 method	 and	 supporting	 modeling	 tools	 are	 needed	 to	
compare	the	match	of	different	choice	of	candidate	human	and		
Figure	1:	Human	system	modelling	in	ME	
technical	 (active)	resources	to	process	oriented	roles	and	their	workloads;	and	
also	 that	 the	 request	method	and	 tools	 should	 conform	short	 term	planning	of	
resource	deployment	as	well	as	longer	term	strategic	estimated	(and	risk	taking)	
in	achieving	people	and	technical	resource	systems.		
Figure	 2	 illustrates	 the	 systematic	modelling	 approach	 under	 development	 by	
the	authors.	The	underlying	idea	 is	to	create	multi‐perspective	models	that	can	
be	computer	executed	in	the	form	of	simulation	models	(SMs)	such	that	they	can	
provide	 a	 computer	 tool	 to	 inform	 ‘ongoing	 planning’	 and	 ‘longer	 term	
investment’	 decision	 making	 leading	 to	 effective	 use	 of	 human	 and	 technical	
resources.	Here	specific	ME	models	related	to	perspective	P1	are	created	using	
ME Processes & Workflow 
Perspectives 
• P1- complex process 
network 
• P2- Dynamic 
workloads 
Resources perspectives 
• P3 Candidate system 
Stereotypes 
          +                 
 
Actual 
                + 
R
1 
R
2 
R
3 
SM 
SM- Simulation Modeling 
R- Roles 
P-Perspectives 
 
 	 28
an	EM	technique	which	is	geared	toward	specifying	sets	of	ordered	activities	(or	
process	 models)	 that	 can	 be	 decomposed	 into	 explicitly	 defined	 roles.	 These	
roles	 and	 role	 relationships	 specify	 a	 process	 oriented	 relatively	 enduring	
structure	 for	any	 	ME	being	modelled.	A	second	dynamic	workload	perspective	
P2	is	derived	from	(a)	analysis	of	historical	patterns	of	work	that	previously	have	
passed	 through	 the	 defined	 roles	 and/or	 (b)	 a	 forecast	 or	 prediction	 of	 likely	
future	workloads.	The	third	perspective	P3	relates	 to	candidate	role	holders	 in	
the	 form	both	of	 stereotypical	and	actual	human	and	 technical	 resources.	Here	
modelling	 can	 be	 with	 respect	 to	 (i)	 known	 competencies	 (of	 people)	 and	
capabilities	 (of	 machines),	 (ii)	 capacities	 and/or	 performance	 levels	 (of	 both	
resource	types)	and	(iii)	psychological	behaviours	(of	people).	
This	multi‐perspective	modeling	approach	is	designed	to	enable:	(I)	independent	
change	to	the	three	perspectives	P1,	P2	and	P3;	(II)	reuse	of	models	of	MEs	in	the	
form	 of	 process	 and	 enterprise	 models;	 and	 (III)	 ongoing	 systematic	 reuse	 of	
models	 belonging	 to	 those	 three	 viewpoints,	 as	 required	 in	 support	 of	 short,	
medium	and	longer	term	ME	decision	making.		
3. Choice of study domain 
A	bearing	making	company	was	chosen	as	the	domain	of	study.	The	products	of	
this	company	fall	into	four	categories	which	relate	to	the	shape	and	dimensions	
of	 the	 raw	material	 used	 to	make	 them.	The	 categories	 are:	 ‘Flat	 sheet’	 ,	 ‘Strip	
sheet’,	 ‘Round	 (narrow)’	and	 ‘Round(wide)’	products.	The	product	 type	chosen	
for	detailed	study	is	the	‘Flat	sheet’.	Figure	3	explicitly	portrays	how	the	business	
process	(BPs)	and	Enterprise	Activities	(EAs)	lead	to	flat	sheet	production.		
The	human	resource	utilisation	in	each	of	the	processes	was	determined	by	
using	the	following	theoretical	equation:		
Number	of	operators	needed	=			Total	Cycle	Time	(TCT)	/	Takt	time	
Hence	predicted	number	of	operators	needed	for	each	processing	flat	and	round	
sheet	product	types	was	observed	to	be:	
Table	1:	Product	TCT	,	Takt	time	and	number	of	operators	
Product	Types	 TCT	 Takt	time	 No	of	operators	
Flat	sheet	 364	 107	 3	
Strip	Sheet	 292	 107	 2	
	
The	TCT	and	Takt	times	were	measured	using	time	study	principles	at	the	
bearing	company.	These	time	study	results	refer	to	the	‘as	is’	process	in	the	
activity	diagram	as	shown	in	Figure	3.	
4. Enterprise modeling and simulation modeling in human system 
models 
	
	
 	 29
The	 previous	 researchers	 in	 MSI	 had	 developed	 CIMOSA[10]	 models	 for	 the	
bearing	 company.	 These	 models	 ‘context	 diagram’,	 ‘interaction	 diagrams’,	
‘structured	diagrams’	and	 ‘activity	diagrams’.	Enterprise	Activities	were	further	
decomposed	 into	Functional	Operations	 (FO)	 and	Functional	Entities	 (FE).	The	
selected	 process	 for	 this	 research	 is	 shown	 in	 Figure	 3.	 This	 activity	 diagram	
concerns	 ‘Flat	 Sheet’	making,	where	 at	 a	 chosen	 level	 of	 abstraction	 flat	 sheet	
making	 enterprise	 activities	 are	 defined.	 These	 activity	 models	 can	 be	
semantically	enriched	with	models	of	precedence	relationships	and	information	
requirements	for	activity	execution.	
	
Figure	2:	Activity	diagram‐	Flat	sheet	making	
These	 processes	 are	 then	 used	 as	 a	 reference	 for	 building	 simulation	 models	
(SMs).	Two	simulation	models	SM1	and	SM2	created	in	this	way	are	described	in	
the	following,	but	both	share	a	common	parent	process	described	by	the	activity	
diagram	of	Figure	2.	This	process	description	defines	processing	routes	followed	
by	workflows	in	the	SMs.	At	each	work	centre	of	SMs	resources	(human,	machine	
etc)	are	needed	to	realise	EAs	assigned	to	each	WC.	The	simulation	is	laid	out	by	
referring	 to	 the	 activity	 diagram	 and	 these	 activities	 are	 represented	 in	 the	
simulation	 models	 with	 the	 icons	 such	 as	 ‘single	 proc’	 for	 single	 processes,	
‘workstation’	 for	work	place	or	worker	at	processes,	 ‘workpool’	 is	for	the	place	
where	all	workers	are	gathered	and	assigned	by	a	nominated	supervisor	known	
as	 a	 ‘broker’.	 In	 the	 simulation	 models	 (SMs),	 enterprise	 activities	 numbered	
EA5211‐1,	EA5211‐2	AND	EA5211‐1	are	categorised	into	a	Pre	wrapping	role	for	
WC1.	 The	 process	 executed	 at	 WC2	 are	 for	 a	 Wrapping	 role	 performed	 by	
EA5211‐4	 :	 then	 at	 WC3	 the	 EAs	 numbered	 EA5211‐5	 to	 EA5211‐11	 are	
categorised	 together	 as	 a	 PreLaminate	 role:	 then	 at	 WC4	 a	 Laminate	 role	 is	
performed,	EA5211‐12;	then	at	WC5	the	post‐laminate	role	is	performed	via	EAs	
numbered	EA5211‐14.	Finally	at	WC6	the	clean	role	is	executed	via	EA5211‐15.		
The	human/worker	configurations	for	both	simulations	are	the	same.	In	SM1,	
workers	are	assumed	to	be	75%	‐	85%	efficient	leading	to	‘as	is’	processing	times	
at	each	process.	The	throughput	rates	and	bottleneck	at	each	workstations	were	
then	viewed	when	the	simulation	models	were	run.	SM2	input	dynamics	were	
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changed	so	that	the	performance	of	the	workstations	and	the	work	pool	in	SM2	
can	be	compared	to	the	previous	simulation	model,	SM1.		
The	layout	of	the	experiment	is	as	portrayed	in	Figures	3	to	6:	
	
Figure	3	:	Simulation	Model	1	(SM1)	
	
Figure	4:	Simulation	Model	2	
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Figure	5:	Results	from	SM1	
	
Figure	6:	Results	from	SM2	
5. Observation  and Conclusion 
The	 simulation	 experiments	 were	 found	 to	 replicate	 and	 predict	 overall	
effectiveness	of	enterprise	activities	when	 they	deployed	resources	 in	different	
ways.	 Results	 obtained	 are	 shown	 in	 the	 graphs	 of	 process	 dynamics	 for	 both	
simulation	models	where	bottlenecks	change	as	the	input	of	the	processes	varies.	
The	time	waiting	and	blocked	situations	increase	in	SM2	relative	to	SM1	and	the	
resource	utilization	in	the	work	pool	decreases	by	2%.	
From	this	research,	it	is	found	that	the	simulation	modeling	approach	can	build	
upon	 information	previously	encoded	by	static	models	represented	by	CIMOSA	
activity	 diagram.	 The	 approach	 developed	 new	 understanding	 that	 enterprise	
activities	 can	 be	modeled	 and	 used	 to	 characterize	 the	 dynamic	 of	 the	 overall	
systems	which	includes	human	system	dynamics.	Thus	these	models	can	be	used	
to	predict	the	impact	of	the	overall	performance	of	manufacturing	enterprise	due	
to	product	variance.	
Use	 of	 alternative	 SMs	 and	 their	 experimental	 inputs	 enables	 analysis	 of	 a	
particular	process	segment	of	MEs.	Several	candidate	behaviors	can	be	modeled	
by	changing	 the	resources	assigned	to	work	centre	roles.	Also,	 it	was	observed		
that	both	EM	and	SM	enable	the	execution	of	‘to	be’	production	system	behaviors	
with	 different	 human	 system	 configurations.	 The	 study	 is	 recommended	 for	
designing	 or	 re‐designing	 manufacturing	 systems	 such	 as	 new	 product	
development	or	the	enhancement	of	existing	production	systems.	
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Abstract	
	
																Resource	 systems	 in	manufacturing	businesses	need	 to	be	managed	 innovatively	particularly	when	a	 range	of	
products	and	services	needs	to	be	realized	with	minimum	investment	in	resource	systems.	In	this	research,	the	primary	
form	of	active	resource	system,	namely	people,	will	be	modelled	with	a	view	to	facilitating	efficient	production.	Humans	
play	 the	 key	 role	 in	 organising	 manufacturing	 businesses	 and	 contribute	 greatly	 towards	 competitive	 production	
performance.	 Enterprise	 Modelling	 is	 use	 to	 create	 static	 models	 that	 capture	 key	 organisational	 relationships	 in	 a	
manufacturing	 business	 and	 transformed	 into	 equivalent	 structures	 within	 Simulation	 Models	 that	 enable	 dynamic	
analysis.	This	provides	both	graphical	and	computer	executable	models	of	people	and	facilitates	quantitative	analysis	and	
comparison	of	different	human	system	configurations	that	suit	various	manufacturing	workplaces.	The	paper	illustrates	
the	application	of	the	modelling	approach	and	observes	advantages	gained	through	using	coherent	sets	of	enterprise	and	
simulation	models.		
Keywords: Human system, manufacturing enterprise, simulation modelling, process-oriented 
enterprise modelling.  
1. INTRODUCTION 
To	be	able	to	design	an	efficient	production	system,	designers	and	managers	of	
Manufacturing	Enterprises	(MEs)	need	to	be	able	to	reason	about	the	assignment	
of	 persons	 to	 production	 activities	 such	 that	 key	 performance	 measures	 (like	
lead‐time,	 quality	 and	 cost	 targets)	 are	met.	 Typically	 in	 industry	 this	 is	 done	
implicitly	with	regard	to	‘abilities’	(of	alternative	candidate	resources	(including	
people,	semi‐	automated	machines	and	supporting	IT	systems)	to	 fulfill	a	given	
set	 of	 product	 realising	 roles	 with	 respect	 to	 specific	 case	 performance	
measures.	 When	 assigning	 production	 operatives	 to	 roles,	 production	 system	
designers	 and	managers	use	 their	 experience	and	knowledge	about	 abilities	of	
the	people	 involved	and	makes	 judgments	about	 their	 individual	and	collective	
abilities	 to	 accomplish	 predicted	 patterns	 of	 upcoming	 work.	 However	 often	
production	 systems,	 and/or	 the	 products	 they	 make,	 can	 be	 complex.	 Indeed	
when	production	systems	need	to	share	human	and	technical	(machine	and	IT)	
resources	 amongst	 a	 changing	 mix	 of	 multiple	 value	 streams,	 frequently	
designers/managers	may	make	poor	people	and	machine	assignment	decisions,	
which	will	lead	to	poor	attainment	of	production	targets	that	causally	may	result	
in	poor	 competitive	performance	of	 the	manufacturing	business	as	 a	whole.	 In	
such	case	managers/designers	can	gain	significant	competitive	advantage	 from	
the	 ongoing	 re‐use	 of	 an	 effective	 decision‐support	 tool	 which	 will	 help	 them	
make	 better	 informed	 decisions	 about	 how	 and	 when	 to	 allocated	 a	 finite	
production	resource	in	response	to	any	given	customer	induced	dynamic.		
	
This	 paper	 researches	 a	 new	 means	 satisfying	 this	 requirement	 for	 decision	
support.	The	approach	taken	is	to	deploy	a	synergistic	combination	of:	
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 Enterprise	 Modelling,	 which	 explicitly	 describes	 organisational	
structures	related	to	a	particular	parent	manufacturing	business;	so	that	
process‐oriented	 structural	 relationships	 inter‐connecting	 production	
systems	are	uniquely	defined,	and	
 	Simulation	 Modelling,	 which	 is	 capable	 of	 simulating	 time‐based	
behaviours	of	alternative	production	system	configurations	of	people	and	
technical	 resource;	 thereby	 potentially	 enabling	 production	 system	
designers	and	managers,	 in	a	virtual	environment,	 to	experiment	within	
systematic	 changes	 to	 organisational	 structures	 and	 production	 system	
parameters	so	as	to	predict	changes	in	production	system	behaviours	and	
therefore	performance	outcomes	in	respect	of	new	work	scenarios.	
	
The	modelling	approach	taken	has	potential	within	dynamic	production	systems	
environments	 to	much	 improve	 the	deployment	of	 a	 constrained	 set	 of	 people	
and	 machine	 resources	 and	 further	 by	 predicting	 change	 outcomes	 prior	 to	
making	physical	production	system	change	the	costs	and	benefits	of	changes	trial	
can	 be	 assessed,	 thereby	 protecting	 risk	 associated	 with	 production	 system	
investments	 and	 potentially	 extending	 the	 economic	 life‐time	 of	 production	
systems.	This	paper	describes	how	an	enterprise	model	can	be	used	to	capture	a	
big	 picture	 of	 the	 organisational	 structures	 of	 a	 case	 study	 Manufacturing	
Enterprise	(ME).	The	approach	being	researched	has	potential	to	form	the	basis	
of	 a	 decision	 support	 tool,	 which	 can	 repetitively,	 quantitatively	 and	 explicitly	
inform	production	 system	designers/manager	 about	 the	 suitability	 of	 different	
assignments	 of	 human	 and	 technical	 resources,	 given	 a	 set	 of	 changing	 work.	
Therefore	this	paper	is	design	to	aid	the	efficient	deployment	of	human	systems	
in	MEs	by:		
 Proposing	a	human	system	modelling	technique	which	can	be	used	on	an	
ongoing	and	systematic	basis	to	model,	understand	and	engineer	human	
systems	that	satisfy	dynamic	production	system	requirements;		
 Analyzing	 key	 aspects	 of	 human	 system	 dynamics	 by	 developing	 static	
and	dynamic	models	of	human	systems.		
The	paper	will	discuss	the	background	of	the	research	work.	It	will	also	explain	
how	 Enterprise	 (static)	 and	 Simulation	 (dynamic)	 modelling	 can	 be	 used	 in	 a	
complementary	fashion	to	visualise	and	computer	executes	alternative	possible	
human	system	deployments.	
2. MANUFACTURING COMPLEXITY 
Over	 many	 years	 great	 interest	 has	 been	 placed	 in	 managing	 complexity	 in	
manufacturing	organizations.	Siemieniuch	and	Sinclair[1]	defined	manufacturing	
complexity	 from	 an	 organisational	 perspective.	 They	 state	 that	 if	 interactions	
between	 entities	 of	 an	 organisation	 give	 rise	 to	 unpredictable	 organisational	
performance	 then	 that	 organisation	 is	 complex.	 Common	 entities	 in	
manufacturing	organisations	comprise	human	resources,	electromechanical	and	
IT	machines	which	typically	are	organised	to	realise	customer	related	processes	
and	infrastructure	services	[2]		
	
When	 seeking	 to	 manage	 complexity,	 various	 approaches	 and	 manufacturing	
paradigms	have	been	 introduced.	 For	 example	 the	Group	Technology	 (GT)	has	
widely	been	used	in	 industry	to	 improve	manufacturing	processes	by	means	of	
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grouping	and	coding.	GT	types	of	activities	are	also	referred	as	classification	and	
clustering:	of	parts	that	are	similar	in	nature;	or	parts	that	require	operations	of	
similar	machinery	and	processes[3].	Advantages	of	deploying	GT	philosophy	are	
(1)	to	simplify	the	flow	of	parts	and	tools,	(2)	to	reduce	set‐up	times,	(3)	reduce	
throughput	time,	(4)	reduce	work‐in‐process	inventory	and	(5)	maximize	design	
and	manufacturing	efficiencies.	However	according	to	name	Kusiak	and	Heragu,	
the	use	of	a	clustering	method	may	not	be	efficient	because	of	constraints	from	
needed	 information	 flows	 in	 the	processes;	 such	 as	 if	 data	 related	 to	material,	
geometry	and	tolerances	is	not	available.		
	
The	average	lifetime	of	products	has	shortened	dramatically	in	the	last	10	years.	
Product	variations	have	increased	and	this	requires	MEs	to	be	more	flexible	and	
responsive	 towards	 their	 customer	 demands.	 But	 current	 trends	 in	 global	
demand	mean	that	more	products	are	now	produced	in	low	quantities,	with	high	
variety	 amongst	 demand	 patterns.	 This	 is	 because	 increasingly	 products	 are	
highly	 customised	 and/or	 their	 underlying	 technologies	 and	 components	 are	
subject	 to	 increased	rates	of	change.	Richards	states	 that	being	responsive	and	
agile	 is	as	being	able	 to	respond	to	sophisticated	customer	requirements	when	
subject	to	persistently	changing	competitive	processes	and	success	factors[4].		
3. TRENDS AND NEEDS TO MODEL HUMAN SYSTEMS 
Currents trends in manufacturing industry 
The	 new	millennium	 has	 seen	 rapid	 change	 in	many	 aspects	 and	 segments	 of	
manufacturing	industries.	Some	factors	contributing	towards	this	change	are:	
 Intense	global	competition.	
 Mass	markets	fragmenting	into	niche	markets.		
 Customers	expecting	low	volume,	high	quality,	custom	products.		
 Seemingly	 ever	 shortening	 product	 life‐cycles,	 development	 times,	 and	
production	lead	times	are	required.		
 Customers	want	to	be	uniquely	treated,	i.e.	as	individuals	
In	an	attempt	to	address	these	factors,	organisations	need	much	more	frequently	
to	be	re‐configured.	This	for	example	may	require	some	form	of	change	in	human	
oriented	 organisational	 structures.	 Manufacturing	 organisations,	 basically	
comprise	 human	 resources,	 and	 electromechanical	 and	 IT	 machines;	 and	 in	
general	systematic	use	of	these	‘active’	resources	(i.e.	resources	that	can	perform	
required	 ME	 actions)	 are	 commonly	 organised	 so	 that	 they	 systematically	
achieve	 value	 adding	 processes	 and	 related	 infrastructure	 support	 and	
engineering	developmental	activities	(Pandya	et	al	1997).	Earlier	 in	 this	paper,	
the	 literature	 focussed	 on	 the	 paradigms	 and	 approaches	 that	 industry	 is	
adopting	 to	 improve	manufacturing	processes.	However	 these	paradigms	were	
mainly	 discussed	 in	 respect	 of	 their	 mechanistic	 aspects	 rather	 than	 their	
behavioural	aspects	and	how	such	behaviours	can	impact	on	MEs.	However	the	
functional	aspects	of	human‐related	processes	still	requires	further	study.		As	the	
prime	ME	resource,	 there	 is	a	great	need	 for	humans	 to	know	about	 the	 ‘how’,	
‘what’	and	‘do’	(BS	ISO	14258:1998)	activities	in	a	given	ME	and	the	related	roles	
that	 they	 and	 other	 humans	 can	 play	with	 respect	 to	manufacturing	 activities.	
The	literature	reviewed	in	this	paper	illustrates	that	there	is	a	gap	in	quantitative	
understandings	 about	 potential	 roles	 of	 technical	 (electromechanical	 and	 IT)	
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resources	 and	 related	 roles	 that	 human	 resources	 can	 play	 with	 respect	 to	
engineering,	infrastructural	and	direct	value	adding	manufacturing	activities.		
	
Needs to model human system 
As	yet	there	is	no	widely	accepted	(by	industry	or	academia)	systematic	way	to	
qualitatively	and	quantitatively	model	ME	process	oriented	roles;	and	how	such	
roles	may	function	over	time	under	differing	production	demand	patterns	should	
they	 be	 resourced	 by	 humans	 and	 machines	 or	 by	 humans	 or	 machines.	 In	
general	it	is	observed	that	addressing	this	deficiency	requires	effective	models	of	
relationships	 between	 human/human	 and	 human/machine,	 which	 may	 be	
uncertain	 in	 nature.	 Therefore	 it	 is	 observed	 that	 great	 advantage	 could	 be	
gained	 by	 having	 a	 ‘simulation	 tool’	 to	 model	 alternative	 combinations	 of	
resource	 entities;	 so	 as	 to	 inform	 1)	 managerial	 aspects	 of	 human/machine	
resource	 allocation,	 by	 providing	 support	 for	 planning	 decisions	 and	
determining	 suitable	 resource	 system	 reconfigurations	 based	 on	 predictions	
about	 organisational	 behaviours	 and	 2)	 design	 aspects	 of	 production	 systems,	
associated	with	mid	to	long	term	investment	decision	making.	
4. HUMAN SYSTEM MODELLING IN MANUFACTURING ENTERPRISE 
Humans	are	unique	and	their	behaviour	can	be	difficult	 to	predict.	Thus	 it	may	
be	 almost	 impossible	 to	 model	 the	 unconstrained	 human	 due	 to	 these	
complexities.	 On	 the	 other	 hand,	 potentially	 human	 systems	 can	 be	 modelled	
from	 more	 constrained	 viewpoints.	 Example	 viewpoints	 include:	 psychology,	
physiology,	 culture,	 structure,	 dynamic,	 roles	 and	 attribute.	 Researchers	 in	 the	
MSI	 (Manufacturing	 System	 Integration	 Institute)	 have	 focused	 their	 human	
systems	 modelling	 efforts	 on	 modelling	 people	 roles	 (i.e.	 organised	 sets	 of	
activities	that	people	perform)	and	to	consider	how	the	abilities	and	behaviours	
of	 potential	 human	 role	 holders	 impact	 on	 achieving	 production	 targets.	 The	
approach	 being	 taken	 is	 therefore	 based	 in	 process	 oriented	 modelling.	 One	
thread	 of	 top‐down	 modelling	 followed	 is	 centered	 on	 ME	 process	
decomposition	 into	hierarchy/levels	 for	 action	 taking	and	 information	 sharing.	
Here	 processes	 are	 explicitly	 and	 graphically	 modelled	 as	 related	 sets	 of	
enterprise	activities	(EAs)	which	identify	possible	sets	of	explicitly	defined	roles	
that	 can	be	 resourced	by	alternate	groups	of	people	 competent	 to	perform	 the	
role	 sets	 defined.	 Here	 role	 sets	 essentially	 specify	 a	 process	 oriented	
organisational	structure.	This	is	illustrated	by	figure	1.	The	activities	are	defined	
in	 terms	 of	 unitary	 functional	 operations	 (FO)	 that	 require	 unitary	 functional	
entities	(FE)	which	can	be	possessed	by	human	and/or	machine	holders	of	those	
roles.	In	a	second	thread	of	modelling	candidate	human	(and	machine)	holders	of	
roles	are	described	 in	a	 tabular	 fashion,	 in	 terms	of	 the	competencies	 they	can	
bring	to	bear	on	defined	role	sets		
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Figure 1: Human system entities 
 
(which	 can	 be	 matched	 to	 FE)	 and	 likely	 behavioural	 performances	 they	 can	
achieve	 (which	 can	 be	 linked	 to	 FO	 sequence	 models).	 A	 third	 thread	 of	
modelling	 is	 centered	 on	 simulation	 of	 alternative	 candidate	 configurations	 of	
roles	 and	 role	 holders,	 which	 provides	 a	 tool	 for	 comparing	 throughputs,	
utilisation,	cost	and	value	generation	abilities	of	those	alternative	configurations.	
5. MODELLING CONCEPTS AND RESEARCH METHODS 
MSI	 researchers	 have	 been	 using	 enterprise	 engineering	 and	 simulation	
modelling	 technique	 to	 aid	 decision‐making.	 Enterprise	 modelling	 is	 used	
primarily	 to	 (1)	externalizing	enterprise	knowledge	about	case	study	MEs,	and	
can	 add	 value	 to	 the	 enterprise	 by	 enabling	 knowledge	 sharing	 and	 (2)	 to	
provide	 a	 process‐oriented	 decomposition	 mechanism,	 so	 that	 high	 levels	 of	
complexity	can	be	handled	and	it	becomes	possible	to	break	down	the	barriers	in	
organization	that	hinder	productivity	by	synergizing	the	enterprise	to	achieved	
better	understandings	about	how	business	goals	can	be	achieved	in	an	efficient	
and	productive	way[5].	
	
The	enterprise	modelling	(EM)	technique	used	in	this	study	is	known	as	CIMOSA.	
CIMOSA	 is	 an	 acronym	 derived	 from	 CIM	 Open	 System	 Architecture	 and	 this	
acronym	 was	 introduced	 by	 the	 AMICE	 consortium.	 In	 CIMOSA	 the	 user	
representation	and	system	representation,	and	related	function	information	and	
control	 perspectives	 are	 decomposed.	 The	 associated	 decomposition	 and	
isolation	of	different	modelling	concepts	and	viewpoints	enables	an	organization	
to	be	represented	in	a	flexible	fashion,	so	as	to	realise	changing	requirements	for	
functional	and	facilities	integration.	Generic	graphical	representation	of	CIMOSA	
models	 is	 illustrated	 in	 figure	2.	CIMOSA	modelling	 enables	ME	decomposition	
into	the	following:		
 Domains	(DM)	
 Domain	Processes	(DP)	
 Business	 Processes	 (BP)	
and	
 Enterprise	 Activities	
(EA)	
 Functional	 Operators	
(FO)	
 Functional	Entities	(FE)	
This	case	study	modelling	is	supported	by	simulation	models	(dynamic	models)	
that	are	in	part	derived	from	(and	hence	are	consistent	with)	selected	segments	
of	the	CIMOSA	static	model.	CIMOSA	graphical	models	are	static	in	the	sense	that	
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they	only	encode	relatively	enduring	properties	of	MEs	and	cannot	be	computer	
executed	to	show	ME	behaviours	over	time.	The	simulation	models	are	capable	
of	modelling	
	
	
Figure 2: CIMOSA static model 
 
queues,	 stochastic	 events,	 product	 flows,	 process	 routes,	 resource	 utilisation,	
breakdowns	 and	 absence,	 exception	 flows	 and	 etc.	 Enterprise	 and	 simulation	
modelling	techniques	can	mutually	support	analysis	of	human	system	roles	in	a	
manufacturing	enterprise.		
6. RESEARCH DOMAIN AND INTEGRATION OF ENTERPRISE & 
SIMULATION MODELLING 
Chosen	 case	 study	 company	 is	 an	 air	 conditioning	 company,	 LS	 a	 privately	
owned	 Chinese	manufacturing	 company	 located	 in	 Shun	 De	 in	 the	 Guangdong	
province	 of	 South	 China.	 Since	 1988	 when	 it	 came	 privately	 owned,	 it	 has	
expanded	its	manufacturing	and	supply	scope	and	is	currently	specialised	in	the	
‘engineering	to	order’	of	customised	industrialised	air	conditioners.	Their	unique	
expertise	 is	 demonstrated	 in	 their	 competence	 in	 meeting	 varying	 customer	
needs.	On	the	average	LS	employs	about	1000	staff	of	which	60	are	mainstream	
Engineers.	Most	 of	 the	 staff	 is	 young	 graduates	 from	 universities	 and	 colleges	
and	 hence	 the	 company	 exhibits	 high	 level	 of	 exuberance	 in	 terms	 of	 its	
personnel.		
	
The	 assembly	 shop	2	has	been	 chosen	 as	 the	 case	 study	 for	 this	 research.	The	
shop	 floor	assembly	held	 in	 five	stages:1)general	assembly,	2)pipes	and	 tubing	
and	hydraulic	tests,	3)electronic	control	installation	and	side	panels	assembly,	4)	
testing	and	lastly	5)packaging.	Each	stages	of	the	assembly	work	is	supported	by	
66	staff	that	is	grouped	into	5	sets	of	different	teams.	Each	team	are	trained	and	
specialised	 in	 each	 stages.	 The	 process	 that	 took	 place	 during	 the	 assembly	 is	
described	in	CIMOSA	enterprise	activity	diagram	BP	6.3.1	as	referred	in	figure	3.		
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Figure 3 : Activity Diagram-Assembly shop 2 
	
The	simulation	modelling	(SM)	of	these	workstations	is	as	described	in	figure	5.	
The	simulation	modelling	 is	held	using	Teknomatix	Plant	Simulation	Modelling	
software	 tool.	 The	 software	 is	 a	 custom	 made	 tool	 for	 users	 that	 specifically	
designed	to	model	the	performance	of	a	manufacturing	plant.	The	SM	is	capable	
of	modelling	human	resources	hierarchically.	The	broker	or	acting	as	supervisor	
worked	by	assigning	workers	in	the	workpool	to	perform	activities/processes	at	
the	workstations.	Workstations	 are	 the	 places	where	worker	 is	 assigned	 to	 do	
their	work	assigned	at	each	stage	and	the	performance	is	affected	by	i.e.	workers	
efficiency,	dynamic	input	etc.	
	
 
Figure 4: Simulation modelling (SM) AC assembly 
 
In	 this	 case	 the	 efficiency	 of	 the	 workers	 are	 set	 to	 60%	 efficient	 in	 the	 first	
experiment	and	the	other	is	set	80%	efficient	in	the	second	experiment.	Thus	is	
done	 to	 compare	 the	 performance	 of	 the	 production	 line	 when	 workers	
efficiency	is	changed.	The	chart	of	the	overall	performance	of	the	work	centers	is	
shown	 in	 figure	 4.	 The	 column	 in	 the	 chart	 shows	 the	 pattern	 of	working	 and	
blocked	 processes	 taking	 place	 during	 the	 simulation	 is	 done.	 The	 simulation	
throughput	 results	 showed	 that	 there	 is	 a	 30%	 increase	 of	 production	
throughput	i.e.	from	1	AC	unit	per	day	to	1.3	AC	units	per	day	when	the	efficiency	
of	workers	increased	from	60%	to	80%.	When	the	number	of	workers	in	Team	1	
is	reduced	by	half,	the	simulation	results	showed	that	the	throughput	remained	
to	1	per	day	when	the	resource	efficiency	is	set	to	80%.	The	results	showed	there	
is	potential	 for	 the	production	system	design	 to	reduce	 the	amount	of	workers	
when	the	workers	are	working	at	higher	efficiency.	
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7. FURTHER WORK IN HUMAN SYSTEM MODELLING IN 
MANUFACTURING ENTERPRISE 
Current	modelling	 is	based	on	the	 ‘as	 is’	model,	 i.e.	 the	current	process	carried	
out	in	the	particular	bearing	manufacturing	system.		Improvements	that	will	be	
performed	in	later	stages	include:	
3) Improving	matching	roles	 to	 role	holders	 in	Static	Model	 for	modelling	and	
allocating	 the	 right	 worker	 for	 the	 right	 processes	 according	 to	 different	
competency	levels	of	workers.	
4) Enhancing	the	current	team	with	abilities	to	perform	multiple	processes	and	
able	to	work	in	cross‐team	assembly	work.	This	will	improve	the	throughput	
of	the	process	line	due	to	increase	of	shared‐knowledge	and	information	flow	
in	the	assembly	line.		
8. SUMMARY AND CONCLUSIONS 
This	approach	has	developed	new	understandings	about	different	types	of	model	
that	can	be	used	to	characterize	human	system	dynamics.	This	characterization	
is	based	on	a	 job	order	specification	at	which	 influenced	by	multiple	variances	
i.e.	product	specification	variances.	At	 this	stage	of	experimentation	 the	author	
has	not	yet	been	able	to	find	out	whether	these	models	can	usefully	predict	the	
impact	 of	 the	 overall	 performance	of	manufacturing	 enterprise	 due	 to	 product	
variance.	But	early	results	are	encouraging.	
ACKNOWLEDGMENTS 
The	principal	researcher	is	currently	a	PhD	researcher	in	Loughborough	
University	and	sponsored	by	the	Malaysian	Ministry	of	Higher	Education/	
Universiti	Teknikal	Malaysia	Melaka.	
	
9. REFERENCES 
1. Siemieniuch, C.E. and M.A. Sinclair, On complexity, process ownership and organisational learning in 
manufacturing organisations, from an ergonomics perspective. Applied Ergonomics, 2002. 33(5): p. 449-462. 
2. Pandya, K.V., et al., Towards the manufacturing enterprises of the future. International Journal of Operations & 
Production Management, 1997. 17(5): p. 502 - 521. 
3. Kusiak, A. and S.S. Heragu, Group technology. Computers in Industry, 1987. 9(2): p. 83-91. 
4. Richards, C., Agile manufacturing beyond lean. Production and Inventory Management Journal, 1996: p. 60-64. 
5. Vernadat, F.B., Enterprise Modelling and Integration. 1996, London: Chapman and Hall. 
 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
 	 42
Appendix 8 
	
Journal	paper	–	Special	Edition	IJMR	2011	on	systems	for	extended	enterprise	
	
‘Human	system	modeling	in	support	of	enterprise	engineering’	
 	 43
HUMAN	SYSTEMS	MODELING	IN	SUPPORT	OF	ENTERPRISE	ENGINEERING	
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Manufacturing	Systems	Integration	(MSI)	Research	Institute,	Wolfson	School	of	
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Abstract	
Organisations	 comprise	 human	 and	 technical	 systems	 that	 typically	
perform	a	variety	of	business,	engineering	and	production	roles.	Human	
systems	 comprise	 individuals,	 people	 groups	 and	 teams	 that	 work	
systematically	to	conceive,	implement,	develop	and	manage	the	purposes	
of	 any	 enterprise	 in	 response	 to	 ‘customer’	 requirements.	 Recently	
attention	has	been	paid	 to	modelling	various	 aspects	of	people	working	
within	 production	 systems,	 including	 production	 performance,	 efficient	
resource	allocation	and	optimum	resource	management.	 In	 the	research	
reported	graphical	and	computer	executable	models	of	people	have	been	
conceived	 and	 used	 in	 support	 of	 human	 system	 engineering.	 The	
approach	 taken	 has	 been	 to	 systematically	 decompose	 and	 represent	
processes	 so	 as	 to	model	 elemental	 activities	 as	 explicit	 descriptions	 of	
roles	 that	 human	 systems	 can	 occupy	 as	 role	 holders.	 The	 modelling	
approach	 facilitates	 quantitative	 analysis	 and	 comparison	 of	 different	
human	system	configurations,	so	that	their	behaviours	can	closely	match	
specific,	 explicitly	 defined,	 requirements	 of	 manufacturing	 workplaces.	
The	 paper	 describes	 how	 the	 modelling	 approach	 can	 underpin	 the	
conceptual	 design	 and	 runtime	 simulation	 of	 alternative	 human	 system	
configurations.	In	this	paper,	the	authors	illustrate	the	application	of	the	
modelling	 approach	 and	 observed	 advantages	 gained	 from	 the	 use	 of	
simulation	 technologies.	 Case	 study	 results	 show	 how	 prediction	 of	 the	
relative	 performance	 of	 alternative	 production	 system	 designs	 can	 be	
achieved.		
	
Keywords:	Human	 systems	modelling,	manufacturing	 enterprise	 activities,	
process‐	oriented	roles	&	simulation	modelling.		
	
Introduction 
	
Globalisation,	e‐commerce,	shortened	product	life	cycles	and	volatile	customer’s	
requirements	 are	 amongst	many	 factors	 that	 are	 placing	 intense	 pressures	 on	
Manufacturing	Enterprises	(MEs),	thereby	necessitating	their	use	of	production	
systems	that	are	both	cost	effective	and	responsive.	(Russell	&	Taylor,	2009).	It	
follows	 that	 to	 compete	successfully	 (short	 term	or	 long	 term)	 in	dynamic	and	
uncertain	 business	 environments,	 MEs	 need	 to	 deploy	 change	 capable	
production	 systems,	 which	 themselves	 will	 comprise	 systems	 of	 human	 and	
technical	 (IT	 and	 automated	 machine)	 resource	 that	 must	 function	 cost	
effectively	and	responsively	despite	changing	needs.	In	many,	and	possibly	most	
MEs,	systems	of	human	and	technical	resources	are	required	to	fulfil	orders	by		
realising	 product	 design	 and	 engineering,	 production	 planning	 and	 control,	
material	 processing,	 component	 manufacture,	 product	 assembly,	 production	
systems	development,	and	supply	chain	management	and	control	(Weston	et.	al.	
2009).	Also	in	general	the	available	pool	of	human	and	technical	resources	will	
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be	significantly	 constrained.	Therefore	as	business	and	customer	requirements	
change,	 in	general	 it	will	be	necessary	to	rapidly	and	effectively	redeploy	 finite	
resources	such	that:	(a)	 in	any	given	time	window	sets	of	human	and	technical	
resource	 systems	 are	 appropriately	 configured	 individually	 and	 collectively	 so	
that	 they	 perform	 competitively	 in	 response	 to	 current	 order	 fulfilment	 needs	
and	 (b)	 in	subsequent	 time	windows,	 those	resource	sets	 can	be	appropriately	
reconfigured	 to	 competitively	 realise	 new	 fulfilment	 needs.	 In	 the	 longer	 term	
also,	such	as	over	many	time	windows,	MEs	will	need	to	determine	what	size	of	
pool	and	what	types	of	human	and	technical	resources	they	need	and	can	afford.	
‘Resource	 system	 selection’	 and	 ‘resource	 system	 configuration’	 are	 therefore	
key	 issues	 here,	which	 are	 of	 prime	 concern	 in	 this	 paper.	 Also	 key	 drivers	 of	
ideas	 developed	 in	 this	 paper	 come	 from	 industry	 case	 study	work	which	 has	
required	a	 step	change	 in	 the	design	of	order	 fulfilments	 systems	 in	 respect	of	
their	ability	to	cope	with	growing	customer	induced	product	dynamics	(Cui	and	
Weston	2009),	including:	
	
1. increased	 product	 variance	 during	 normal	 operation	 of	 production	
systems	
2. more	varied	production	volumes	
3. more	varied	production	mixes	
4. more	 frequent	 significant	 change	 requirements,	 such	 as	 when	 new	
products	are	engineered	and	introduced	into	production.	
	
To	address	these	concerns,	manufacturing	philosophies	like	Agile	Manufacturing	
(Van	Assen	2000),	Group	Technology	(Hon	and	Chi	1994),	Reconfigurable	
Manufacturing	Systems	(RMS)	(Fitzgerald	1995;	Weston	1999),	Mass	
Customization	(Fitzgerald	1995),	Postponement	and	Holonic	Manufacture	(Gou,	
Luh	et	al.	1998;	Zhang,	Balasubramanian	et	al.	2000;	Rodriguez,	Hilaire	et	al.	
2007)	have	emerged	to	inform	MEs	about	alternative	ways	of	achieving	
increased	flexibility	and	responsiveness.	However,	it	is	observed	that	currently	
limited	support	has	been	made	available	to	quantify	relative	benefits	of	choosing	
alternative	philosophies;	and	more	particularly	in	the	context	of	the	research	
reported	in	this	paper,	to	quantify	relative	benefits	of	alternative	ways	of	
resourcing	process	oriented	roles	in	accordance	with	any	selected	philosophy.	
Also	observed	is	that	despite	significant	advances	having	been	made	in	the	
engineering	of	complex	systems	(such	as	MEs)	,	industry	is	yet	to	benefit	from	
the	availability	of	a	generally	accepted	approach	to	coherently	modelling	people	
and	the	organizational	structures	that	bind	systems	of	people	(such	as	teams,	
workgroups,	cells,	departments,	etc.)	to	assigned	roles	in	MEs;	so	that	likely	time	
based	behaviours	of	different	configurations	of	human	and	technical	(machine	
and	IT)	systems	can	be	predicted	prior	to	their	realization.	To	enhance	
understandings	and	predict	possible	future	behaviours	of	systems	of	people	
deployed	to	realise	enterprise	value	adding	activities,	suitable	modelling	
methods	and	techniques	need	to	be	specified,	selected	and	applied.		
Furthermore,	any	selected	modelling	method	should	describe	at	required	levels	
of	abstraction:	(a)	‘structural’	and	‘behavioural’	aspects	of	order	fulfilment	needs	
(i.e.	system	requirements),	that	can	be	matched	to	(b)	‘structural’	and	
‘behavioural’	aspects	of	individual	resource	elements	and	configured	systems	of	
resource	elements.		
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Bearing	such	requirements	in	mind	the	authors	and	their	colleagues	in	the	MSI	
Research	Institute	at	Loughborough	University	have	been	developing	and	using	
integrated	sets	of	modelling	tools.	In	this	paper	focus	of	attention	is	on	modelling	
:	 (1)	 enterprise	 requirements,	 primarily	 in	 terms	 of	 process	 networks,	 (2)	
resource	 systems,	 in	 terms	 of	 explicit	 descriptions	 of	 their	 work	 related	
attributes	such	as	competences	(for	people),	and	capabilities	(for	machines)		and	
(3)	 product	 modelling	 viewpoints,	 to	 facilitate	 instantiation	 of	 ‘product’	 and	
‘work’	concepts	 that	enable	the	explicit	capture	of	customer	induced	dynamics.	
Importantly	 to	 bind	 together	 these	 three	 modelling	 viewpoints	 this	 paper	
deploys	a	new	use	of	 ‘role’	modelling	concepts,	as	essentially	an	organisational	
or	structural	modelling	notion	which	can	exist	in	both	‘system	requirements’	and	
‘system	solution’	spaces;	so	as	to	enable	top	down	and	or	bottom	up	matching	of	
resource	 requirements	 to	 resource	 solution	 designs..	 In	 the	 former	 case	 ‘role	
requirements’	are	specified	mainly	by	activity	 flows	 inherited	 from	specific	ME	
process	 maps,	 to	 which	 other	 requirements	 attributes	 can	 be	 attached	 in	 a	
eclectic	 manner.	 In	 the	 later	 case	 ‘role	 holders’	 are	 defined	 by	 analysing	
structurally	 and	behaviourally	 the	 relative	 abilities	of	 candidate	 resources	 in	 a	
currently	 available	 (human	 and	 technical)	 ME	 resource	 pool.	 Also,	 bearing	 in	
mind	the	modelling	requirements	mentioned,	a	prime	objective	of	this	paper	 is	
to	systemise	process	and	human	systems	modelling	to	support	the	realization	of	
ME	 roles	 by	 developing	 models	 of	 enterprise	 systems	 that	 facilitate	 (a)	
structured	 requirements	 specifications	 that	 are	 captured	 in	 terms	 of	 process	
oriented	 roles,	 (b)	 specification	 and	 selection	 of	 suitable	 resource	 system	
components	especially	people	supported	by	technology,	(c)	matching	of	selected	
resource	 system	 components	 to	 specified	 requirements,	 (d)	 maintaining	 and	
changing	 the	matching	 as	 requirements	 change,	 (e)	 quantifying	 and	 qualifying	
the	 outcomes	 i.e.	 deliverables	 from	 the	match	with	 respect	 to	 time	 dependent	
parameters	 such	 as	 lead	 time,	 efficiency	 ,	 etc.,	 and	 (f)	 quantifying	 aspects	 of	
resource	system	utilisation.	
	
Paper scope and focus 
Traditional	 management	 approaches	 to	 matching	 people	 to	 jobs	 generally	
involves	(a)	developing	written	models	of	‘requirements’	(such	as)	in	the	form	of	
job	 specifications,	 which	 (b)	 can	 be	 used	 to	 identify	 stereotypical	 candidate	
solution	 systems	 (such	 as	 people,	 teams,	 departments,	 and	 organisation	 units)	
that	 are	 potential	 job	 holders	 that	 (c)	 can	 guide	 the	 selection	 of	 ‘specific	
candidate	 solution	 systems’	 possibly	 via	 interview	 and/or	 bidding/contract	
negotiation	process.	Such	an	approach	satisfies	steady	state	business	conditions	
when	 positions	 an	 d	 associated	 roles	 remain	 relatively	 steady	 over	 significant	
periods	of	time.	However,	the	reality	in	many	industries	(especially	MEs)	today	is	
merely	cases	of	relatively	enduring	positions	and	jobs	with	constantly	changing	
roles	as	a	result	of	products	dynamic	factors	that	arise	from	customers	changing	
requirements,	 technological	 innovations	 and	 other	 environmental	 impacts.		
Therefore,	 to	 realise	 the	 objective	 stated	 in	 section	 1,	 bearing	 in	mind	 current	
and	 emerging	 business	 requirements	 (as	 regards	 to	 resourcing	manufacturing	
roles	using	suitable	human	and	technical	resource	systems),	the	authors	seek	to	
address	 the	 question:	 ‘given	 defined	 sets	 of	 process‐oriented	 roles	 how	 best	
should	ME	work	 roles	be	 resourced?’	 	Here,	 the	phrase	 ‘best	 resourcing	of	ME	
roles’	is	used	to	mean:	selecting	suitable	resource	system	types	with	appropriate	
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attributes	and	configurations	and	then	matching	such	selected	resource	systems	
to	specific	manufacturing	requirements;	namely	process	oriented	roles	to	realise	
specific	 and	 changing	 outcomes	 that	 can	 be	measured	with	 respect	 to	 quality,	
quantity,	 lead	 time,	 efficiency	 and	 associated	 resource	 systems	 utilisations.	
Initial	assumptions	made	are:	(1)	MEs	are	generally	comprised	of	structured	and	
technology	enabled	groupings	of	people	who	process	physical	and	informational	
workflows	 to	 add	values	 to	 specific	 products	 in	 timely	 and	 cost	 effective	ways	
and	 (2)	 ‘active	 resource	 system	 types’	 such	 as	 (a)	 people,	 (b)	 some	 form	 of	
machine	 or	 IT	 system	or	 (c)	 some	 combination	 of	 (a)	 and	 (b)	will	 prove	most	
effective	 in	 resourcing	 specified	ME	roles,	 (3)	 selected	active	 resource	 systems	
will	be	constrained	by	certain	factors	such	as	availability,	competence,	capability	
and	 capacity	 in	 short	 and	 long	 terms	 and	 (4)	 choice	 of	 resource	 system	
configuration	will	be	dependent	on	the	(a)	nature	of	the	roles	(i.e.	requirements)	
and	organisational	 relationships	 connecting	 roles	 and	 (b)	workloads	placed	on	
the	 roles.	 Furthermore,	 it	 is	 also	 assumed	 that	 because	workload	 dynamics	 in	
MEs	 are	 typically	 determined	 by	 customer	 requirements	 and	 other	 related	
environmental	factors,	they	will	frequently	change.		
	
Therefore,	to	realise	the	prime	objective	of	the	paper	(by	testing	the	assumptions	
made)	 will	 require	 creating	 multi‐perspective	 enterprise	 models	 that	 can	
capture	 relevant	 views	 of	 semi‐generic	 and	 specific	 ME	 requirements	 and	
resource	 systems	configurations.	To	 create	 suitable	enterprise	models	 that	 can	
be	used	to	test	the	assumptions	made	thereby	realising	the	study	objective	will	
require:	
 definition	of	modelling	concepts	and	specification	of	modelling	scope	
 specification	 and	 selection	 of	 suitable	 modelling	 methods	 &	 tools	 with		
capabilities	 to	 realise	 the	 modelling	 concepts	 defined	 and	 to	 test	 the	
assumptions	made	
 	deploying	 the	 selected	 modelling	 method	 and	 tools	 to	 capture	 and	
represent	specific	ME	requirements	and	corresponding	resource	systems	
that	realise	those	requirements	in	context	i.e.	in	a	case	study	application		
 selection	 of	 suitable	 simulation	 tool	 with	 modelling	 capabilities	 to	
implement	in	virtual	platform	the	models	created	thereby	systemising	the	
matching	of	requirements	to	resource	systems	
 enactment	 or	 implementation	 description	 of	 the	 models	 in	 simulation	
views	 and	 by	 so	 doing	 quantifying	 the	 costs	 and	 benefits	 of	 deploying	
alternative	 resource	 systems	 configurations	 and	 the	 impacts	 of	 product	
dynamics	 (in	 terms	 of	 product	 volumes	 and	 product	 variances)	 on	 the	
performance	outcomes	of	a	chosen	resource	system	configuration	
	
To	 summarise	 therefore,	 it	 follows	 that	 	 the	 focused	 interest	 here	 is	 to	
demonstrate	by	use	of	models,	a	 systemised	approach	 to	matching	of	 ‘process‐
oriented	requirements’	(specified	in	the	form	of	identified	roles)	to	‘competences	
of	candidate	people’,	and	to	illustrate	the	use	of	such	a	systematic	method	in	(1)	
replicating	 behaviours	 of	 existing	 configurations	 of	 (human	 and	 technical)	
resources	 (in	 response	 to	 historical	 work	 inputs)	 and	 (by	 using	 selected	
objective	functions	like	critical	factors	of	time	and	rate)	quantifying	performance	
outcomes	of	existing	configurations	of	(human	and	technical)	resources;		and	by	
using	 current	 system	 analysis	 as	 a	 benchmark	 to	 (2)	 make	 suggestions	 about	
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possible	future	re‐configurations	of	(human	and	technical)	resource	systems,	so	
as	 systemise	 and	 quantify	 possible	 future	 outcomes	 should	 the	 changed	
configurations	 be	 adopted.	 	 The	 definition	 of	modelling	 concepts,	 specification	
and	selection	of	modelling	method	are	described	in	subsequent	sections	
 
Definition of Modelling Concepts and Modelling Scope 
	
A	model	 is	 a	 useful	 of	 representation	 of	 an	 object	 i.e.	 an	 abstraction	 of	 reality	
expressed	 in	 terms	 of	 some	 formalism	 (or	 language)	 defined	 by	 modelling	
constructs	 for	 the	 purpose	 of	 the	 model	 users	 (Vernadat,	 1996).	 EM	 is	 the	
process	 of	 building	 models	 of	 the	 whole	 or	 part	 of	 an	 enterprise	 thereby	
representing	 the	 enterprise	 in	 views	 relevant	 to	 concerned	 stakeholders.	
Common	 resultant	 outcomes	 to	 most	 EM	 projects	 include:	 process/functional	
models,	 data/information	 models,	 resource	 models,	 ontologies,	 etc.	 Models	
developed	 from	EM	projects	 can	prove	useful	 tools,	 especially	with	 respect	 to:	
(1)	 achieving	 uniform	 representation	 and	 thereby	 better	 understanding	 of	 an	
enterprise	 and	 its	 component	 parts,	 (2)	 implementing	 organisation	 (re)design	
and	 change	projects,	 (3)	 controlling	 and	monitoring	 enterprise	 operations	 and	
(4)	 improved	 resourcing	 requirements.	 The	 emergence	 of	 public	 domain	 EM	
architectures	 and	modelling	methods	 like	 CIMOSA,	 GRAI/GIM,	 IEM,	 PERA,	 etc.,	
has	 impacted	 upon	 industry	 practice	 particularly	 with	 respect	 to	 (a)	
requirements	 specification	 and	 capture	 and	 (b)	 structuring	 and	 supporting	 the	
specification	and	design	of	 resource	 systems.	However,	 though	 the	 current	EM	
technology	solution	provision	can	usefully	be	deployed	to	capture	and	explicitly	
represent	 relatively	 enduring	 enterprise	 structures	 (processes	 network	 and	
resource	systems),	a	gap	has	been	observed	in	the	modelling	solution	provision	
because	the	current	EM	technology	provisions	do	not	sufficiently	represent	the	
‘solution	structures’	particularly	with	respect	to	explicit	description	of		resource	
systems	attributes.	Furthermore,	although	resultant	EM	models	usefully	enhance	
understandings	 about	 enterprise	 functionalities,	 they	 are	 essentially	 static	 and	
therefore	cannot	effectively	be	used	to	support	decision	making	with	regards	to	
dynamic	characters	of	enterprise	components	such	as	changes	 in	requirements	
and	the	impacts	of	such	changes	on	the	suitability	of	selected	resource	systems.	
	
	To	address	the	observed	constraints,	researchers	in	the	MSI	Research	Institute,	
Loughborough	 University	 have	 for	 more	 than	 two	 decades	 collaborated	 with	
industry	and	other	colleagues	in	academia	in	developing	modelling	concepts	and	
tools	 to	 support	 the	modelling	 capabilities	 of	 current	 generation	 EM	methods	
and	tools	so	that	more	coherent	enterprise	models	 that	can	 facilitate	 improved	
organisation	design	and	change	can	be	developed.		An	approach	to	realizing	this	
goal	which	has	been	tested	and	widely	applied	by	MSI	researchers	is	integrating	
the	 use	 of:	 (a)	 EM	 methodology,	 especially	 CIMOSA	 to	 capture	 enterprise	
requirements	 in	 the	 form	of	 relatively	 enduring	process	models	and	high	 level	
specifications	 of	 resource	 systems	 components,	 (b)	 causal	 and	 temporal	
relationship	 modelling	 notations	 provided	 by	 causal	 loop	 modelling	
technologies,	 and	 (c)	 discrete	 event	 and	 continuous	 simulation	 models	 of	
selected	configurations	of	work	loaded	process	segments	and	their	underpinning	
resource	 systems.	 This	 integrated	modelling	 approach	 is	 adopted	 in	 the	 study	
presented	 in	 this	 paper	 to	 systemise	 the	 specification	 and	 design	 of	 ‘human	
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systems	solution	structures’	 that	can	be	deployed	to	selected	ME	requirements	
modelled	as	roles.	The	solution	structures	are	designed	to	be	used	in	effectively	
resourcing	 changing	 requirements	 and	 to	 yield	 throughputs	 that	 can	 be	
quantified	in	terms	of	costs	and	benefits	of	deploying	alternate	resource	system	
types	and	their	configurations.		
	
To	capture	and	model	such	solution	structures,	any	production	system	(PS)	 	 is	
therefore	assumed	to	comprise:	
(a) process	 structures	 which	 define	 enterprise	 functionalities	 and	
requirements	
(b) resource	systems	or	the	solution	structures	which	are	building	blocks	or	
different	 components	 flexibly	 coupled	 (and	 deployed)	 to	 realise	 the	
requirements	
(c) the	 products	 and	 their	 classes	 as	 required	by	 different	 customers	 to	 be	
delivered	at	different	time	periods	and	at	varying	quantities	
(d) the	 work	 load	 dynamics	 that	 take	 into	 consideration	 customer	
requirements	 in	 terms	 of	 product	 types,	 volumes	 and	 variants	 that	 the	
need	to	be	processed	by	the	resource	systems	
	
Extended Enterprise Design Engineering: via the Multi‐level 
application of the HS modelling approach 
	
The	 present	 authors	 and	 their	 MSI	 research	 colleagues	 are	 currently	
investigating	 ways	 of	 formalising	 human	 systems	 related	 aspects	 of	 Extended	
Enterprise	Design	Engineering	by	re‐applying	the	modelling	steps	and	concepts	
described		this	paper.	Their	research	is	currently	case	study	based	in	five	ME’s:	
two	large	MEs	operating	in	the	Aerospace	Sector;	one	large	ME	operating	in	the	
white	goods	industry,	another	large	ME	producing	commercial	furniture	and	an	
SME	 producing	 composite	 bearing	 products.	 A	 key	 common	 characteristic	
requirement	of	these	companies	is	to	be	able	to	realised	many	product	variants	
in	 uncertain	 quantities	 and	mixes	 by	 flexibly	 re‐deploying	 a	 constrained	 set	 of	
human	 and	 automated	 resources.	 The	 uncertainties	 are	 primarily	 induced	 by	
changing	 customer	 demands	 (i.e.	 what	 will	 be	 termed	 acustomer	 induced	
product	dynamic)	but	fairly	complex	causal	and	temporal	relationships	also	exist	
between	 the	nature	of	 the	product	 loads	 that	need	 to	be	 serviced	 in	 any	given	
time	 frame	 and	 because	 of	 corresponding	 changes	 in	 product	 realisation	
processes	which	 in	turn	requires	change	in	the	roles	 that	people	and	machines	
must	play	and	the	competencies	they	must	bring	to	bear	on	those	roles.	In	effect	
all	of	the	MEs	currently	being	studied	are	seeking	to	realise	Economies	of	Scope	
&	Scale	 (EoSS,	 as	defined	by	Cui	&	Weston	2009)	but	 the	down	 side	of	 such	a	
strategy	 is	 that	more	 complex	enterprise	 engineering	 is	 required	 to	 (1)	design	
and	 implement	 cost	 effective,	 change	 capable	 product	 realising	 systems	 on	 a	
large	scale	and	(2)	on	an	ongoing	basis	to	reconfigure	and	reprogram	currently	
available	 human	 and	 machine	 resources	 used	 for	 product	 realisation	 whilst	
satisfying	 the	 business	 goals	 of	 the	 host	ME.	With	 respect	 to	 both	 (1)	 and	 (2)	
therefore	 extended	 enterprise	 engineering	 decisions	 need	 to	 be	 made	 with	
respect	to	the	design	and	operation	of	suitable	supply	chains	and	particularly	to	
be	able	to	decide	when	to	make	and	buy	and	how	to	make	and	buy	(products	and	
sub‐products)	within	a	multi‐product	environment	capable	of	maximising	EoSS	
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benefits.	This	section	will	illustrate	in	outline	how	the	human	systems	modelling	
concepts	and	methods	introduce	in	this	paper	are	being	applied	at	multi‐levels	of	
abstraction	 so	 as	 to	 address	 inherent	 complexity	 issues	 in	 ways	 which	 can	
support	 decisionmaking	 related	 to	 (1)	 and	 (2)	 and	 thereby	 can	 improve	 the	
human	resourcing	of	extended	enterprises.	
Figure	1	shows	an	underpinning	idea	advanced	by	the	human	systems	modelling	
approach	 . Our	 approach	 is	 to	 re‐enforced	 established	 systems	 engineering	
principles;	 so	 as	 to	 separate	 models	 of	 process	 sub‐systems,	 resource	 sub‐
systems	 and	 work	 sub‐systems.	 Then	 respectively	 to	 use:	 process	 mapping,	
centred	 on	 role	 modelling;	 resource	 sub‐system	 modelling,	 centred	 on	
competency	and	role	holder	modelling	ideas;	and	new	forms	or	work	sub‐system	
modelling,	 which	 differentiate	 product	 variants	 according	 to	 their	 distinctive	
processing	needs	and	their	specified	input	rates.	By	such	means	complex	product	
realising	 systems	 can	 be	 modelled	 in	 terms	 of	 the	 roles	 that	 need	 to	 be	
performed,	possible	role.	
	
	
		
Figure 5: Generalised representation of a multi-product realising system 
	
	
holder	assignments	and	their	alternative	configurations	and	work	scenarios.	As	
in	reality	these	three	sub‐systems	will	change	at	different	rates,	albeit	possibly	
with	complicated	dependency	relationships,	a	means	of	handling	change	is	
provided	as	illustrated	in	the	case	study	presented	in	section	5.		
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Figure 6: Specific case application - in a ‘Brownfield’ Site 
 
Also	 our	 approach	 is	 also	 to	 seek	 to	 model,	 and	 life‐cycle	 engineer	 human	
systems,	using	common	modelling	concepts	and	methods	to	that	for	automated	
machine	 systems,	 so	 that	 appropriate	 combinations	 of	 people,	machine	 and	 IT	
systems	can	be	matched	to	specified	ME	roles.Figure	2	conceptualises	the	need	
for	multi‐level	modelling	observed	in	the	case	study	enterprises	currently	being	
modelled	by	the	authors.	If	effective	problem	solving	is	to	be	addressed	in	multi‐
product	 realising	 systems	 it	 is	 not	 generally	 sufficient	 to	 seek	 localised	
optimisation	 of	 selected	 KPI’s	 (such	 as	 lead‐time,	 cost	 and	 quality	 related	
measures).	Such	a	piecemeal	approach	to	modelling	will	likely	lead	to	islands	of	
optimisation	which	may	not	lead	to	good	overall	extended	enterprise	design	and	
can	may	result	in	lack	of	competitive	runtime	performance.	Therefore	in	seeking	
to	develop	the	use	of	the	new	human	systems	modelling	approach	described	in	
this	 paper	 within	 the	 context	 of	 extended	 enterprise	 design	 engineering,	 the	
authors	are	currently	case	testing	the	use	of	an	enhanced	multi‐level	approach	to	
modelling	enterprises.		
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Figure 7: Decomposition of an illustrative case study Extended Enterprise 
	
Detailed	 results	 of	 selected	 aspects	 of	 these	 case	 studies	 are	 reported	 in	
following	 sections	 of	 this	 paper	 but	 here	 some	 of	 the	 ideas	 being	 tested	 are	
illustrated	in	figure	3.	For	the	purposes	of	illustration	here	focus	will	be	only	on	
static,	organisation	structure	modelling	of	a	fictitious	extended	enterprise,	which	
bears	 some	 similarities	 with	 one	 of	 our	 present	 cases.	 However	 for	
confidentiality	reason	the	case	presents	a	model	of	a	partly	real,	partly	imagined	
current	 organisation. Figure	 3	 shows	 how	 role,	 role	 holder,	 work	 and	
competency	modelling	 ideas	 can	 be	 linked	 to	 explicitly,	 visually	 represent	 the	
highest	 level	 structural	 configuration	 of	 the	 business.	 At	 this	 top‐most	 level,	
qualitative	 reasoning	 can	 be	 carried	 out	 about	 :	 required	 human	 system	 roles	
and	 competencies	 needed	 to	 perform	 those	 roles;	 current	 and	 possible	 future	
role	assignments	to	which	static	value,	cost	and	lead‐time/Takt	time	analysis	can	
be	 attributed.	 Figure	 4	 shows	 how	 role,	 role	 holder,	 work	 and	 competency	
modelling	 ideas	 can	 be	 further	 developed	 to	 explicitly,	 visually	 represent	 at	 a	
second	 level	 the	 structural	 configuration	 of	 selected	 sections	 of	 the	 business;	
which	 in	 the	 given	 example	 is	 a	 distributed	 role	 realised	 by	 departments	 of	 a	
number	of	firms	located	across	Europe.		
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Figure 8: Extended enterprise: 1st level to 4th level decomposition 
	
At	this	2nd	level,	more	detailed	qualitative	reasoning	can	be	carried	out	about	:	
which	 can	 support	 an	 analysis	 of	 required,	 actual	 and	 possible	 future	 human	
system	 roles	 and	 competencies,	 and	 their	 impacts	 on	 	 value,	 cost	 and	 lead‐
time/Takt	time	KPIs.	
In	a	similar	manner	to	that	explained	in	section	3	at	a	first	stage	of	any	modelling	
project	 the	 authors	 and	 their	 research	 colleagues	 create	 a	 CIMOSA	 enterprise	
model.	This	decomposes	the	domain	processes	of	any	subject	enterprise	into	so	
called	 business	 processes	 and	 their	 more	 elemental	 enterprise	 activities.	 The	
resultant	 process‐oriented	 decomposition	 provides	 a	 process‐oriented,	 visual	
‘big	 picture’	which	 externalises	 knowledge	 about	 the	 activities	 that	 need	 to	be	
performed	 during	 the	 life‐time	 of	 the	 enterprise	 being	 modelled.	 Also	 the	
enterprise	 activities	 so	 described	 can	 be	 grouped	 together	 to	 explicitly	model	
enterprise	‘roles’	at	various	levels	of	abstraction.	In	this	way	as	depicted	by	the	
visual	model	of	the	extended	enterprise	depicted	by	figure	c,	those	roles	can	be	
matched	 to	 current	 and/or	 possible	 future	 ‘role	 holders’.	 Because	 CIMOSA	
modelling	 incorporates	 a	 formal	 decomposition	 technique	 this	 enables	 the	
matching	 of	 ‘roles’	 to	 ‘role	 holders’	 at	 multiple	 abstraction	 levels;	 including:	
company	 level;	 business	 unit	 level;	 departmental	 level;	 section,	 cell	 and	
workstation	levels;	group,	team	and	individual	person	levels;	and	potentially	at	
various	 levels	 of	 granularity	 needed	 within	 automated	 and	 IT	 systems.	
Furthermore	 using	 ideas	 about	 needed	 and	 possessed	 competencies	 (also	
illustrated	in	section	6)	this	matching	process	can	be	made	explicit	at	all	level	of	
concern	to	an	extended	enterprise.	This	has	begun	for	example	to	enable	explicit	
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description	 of	 all	 people,	 machine	 and	 IT	 resource	 systems	 in	 the	 example	
extended	 enterprise	 shown	 graphically	 by	 figure	 3	 and	 4;	 along	 with	 explicit	
description	 of	 current	 and/or	 possible	 future	 organisational	 relationships	
between	 all	 of	 these	 resource	 systems	 (i.e.	 resources	 functioning	 at	 the	 same	
hierarchical	level	and	at	different	hierarchical	levels).	It	follows	that	the	authors	
have	extended	the	use	of	a	proven	structural	modelling	technique	(i.e.	CIMOSA)	
into	 a	 more	 complete	 method	 of	 describing	 relatively	 enduring	 relationships	
between	process	and	resource	sub‐systems	of	an	enterprise.	Also	by	so	doing	the	
approach	developed	has	cut	 through	 inherent	complexity	 issues	 to	support	 the	
representational	design	of	various	configurations	of	resource	systems	needed	to	
realise	 an	 extended	 enterprise.	 In	 their	 ongoing	 research	 the	 authors	 are	 also	
using	set	of	decompositions	shown	in	figure	4	to	support	the	conceptual	design	
of	 a	 set	 of	 coherent	 discrete	 event	 simulation	 models	 of	 a	 case	 extended	
enterprise.	Here	the	visual	structural	representations	developed	act	as	a	means	
of	bringing,	 at	 all	needed	 levels	of	 abstraction,	 the	 three	process,	 resource	and	
work	 sub‐system	 views	 back	 into	 an	 holistic	 extended	 enterprise	 model.	 The	
purpose	of	 so	doing	 is	 to	 generate	 comparative	behaviours	of	 different	human	
resource	 system	 configurations	 in	 response	 to	 historical	 and	 possible	 future	
work	 scenarios;	particularly	with	a	view	 to	 facilitating	 line	balancing	and	Lean	
operation	 of	 a	 new	 wing	 assembly	 line.	 Here	 quantitative	 reasoning	 is	 being	
enabled	 with	 a	 view	 facilitating	 ‘ramp	 up’	 engineering	 and	 runtime	 re‐
configuration	of	the	particular	production	line	under	study.	
 
Case study Application 
A	manufacturing	 company	which	will	 be	 referred	 to	 as	 ComBear	 that	makes	 a	
wide	range	of	composite	bearing	products	to	order	was	chosen	as	the	subject	of	
a	 detailed	 study	 to	 show	how	 some	of	 the	human	 systems	modelling	 concepts	
described	 in	 section	 5	 can	 be	 implemented.	 The	 present	 authors	 consolidated	
over	35	product	types	identified	in	the	company	into	three	product	ranges	based	
on	the	nature	of	processing	requirements	and	their	routings	as:	(a)	Flat	sheets,	
Round	products	 (both	wide	&	narrow)	and	 the	Strip	sheets.	This	consolidation	
was	carried	out	to	simplify	the	modelling	of	this	case	enterprise	while	retaining	
sufficient	 realism	 to	 support	 improved	 engineering	 decision	 making.	 To	 fulfil	
customer’s	orders	and	to	maintain	profitable	running	of	the	enterprise,	ComBear	
personnel	and	their	supporting	machine	and	IT	systems	execute	two	key	sets	of	
processes	namely:	
1. tactical	process:	comprising	processes	that	are	mid	term	and	medium	in	
scope	and	operations;	including	those	that:	
 develop	existing	and	new	customer	markets	
 	store	and	manage	production	materials	
 design	and	develop	production	processes	
 introduce	and	engineer	new	products	
 maintain	 equipment	 and	 provide	 general	 operational	 support	
including	health	and	safety		
2. operate	 process:	 that	 are	 short	 terms	 and	 of	 confined	 scope;	 including	
processes	that:	
 obtain	and	process	customers	orders	
 plan,	schedule	and	control	production	
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 produce	 all	 products	 as	 scheduled	 to	 meet	 customers	
requirements	
 package	and	deliver	completed	products	to	respective	customers.	
The	identified	processes	were	modelled	with	respect	to	the	operational	context	
in	 which	 ComBear	 has	 to	 work	 by	 using	 CIMOSA	 modelling	 constructs	 and	
formalisms.	 Figure	 5	 is	 one	 example	 of	many	 CIMOSA	model	 views	 that	 were	
graphically	modelled;	 where	 collectively	 these	 views	 constituted	 the	 ComBear	
EM.	While	figure	6	shows	a	further	decomposition	of	figure	5	and	illustrates	use	
of	the	role	modelling	concept.	Via	this	approach	‘roles’	are	graphically	modelled	
as	explicitly	defined	groupings	of	related	enterprise	activities	and	or	operations	
executed	at	specific	work	centres	by	people	and	their	supporting	machines	and	
tools.	 Also	 the	 graphical	 models	 produced	 explicitly	 defined	 key	 structural	
relationships	 that	 link	 ComBear	 roles	 into	 an	 organisational	 structure,	 which	
describes	 an	 explicit	 decomposition	 of	 ComBear	 processing	 requirements.	 The	
focus	of	the	paper	is	on	one	of	the	processes	that	comprise	the	‘operate	process’,	
modelled	 as	 the	 ‘make	 bearing	 products	 to	 order’	 production	 process.	 It	 was	
observed	that	while	realising	this	process,	the	actions	and	behaviours	of	human	
operators	 vary	 as	 they	 fulfil	 specific	 roles	 as	 a	 result	 of	 changing	 product	
dynamics.	
 
 
 
 
Figure 9 : Exemplary CIMOSA conformant model 
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Figure 10: Roles identified in the raw materials processing shop 
	
Essentially,	 product	 types	 required	 by	 customers	 have	 different	 shapes	 and	
colours,	and	this	requires	different	processing	operations	and	times	and	this	 in	
turn	in	some	cases	requires	human	operators	to	possess	different	competences.	
It	follows	that	the	production	system	deployed	by	the	case	study	enterprise	can	
aptly	 be	 described	 as	 a	 multi‐value	 stream	 production	 system.	 The	 authors	
define	 a	 multiple	 value	 stream	 production	 system	 as	 being:	 “a	 production	
system	which	adds	value	to	two	or	more	 ‘distinctive	work	item	flows’;	by	realising	
necessary	value	added	processing	operations	through	an	organised	sharing	of	the	
(human	and	technical)	resources	available	to	that	system”.	 	The	term	‘distinctive	
work	 item	 types’	 has	 been	 chosen	 to	 explicitly	 indicate	 that	 ‘significant	
differences’	 in	 processing	 requirements	 will	 be	 necessary	 to	 achieve	 value	
addition	 for	 the	work	 item	 types	under	consideration.	Figure	7	 is	a	 conceptual	
illustration	 of	 a	 generic	 multi	 value	 stream	 production	 system	 depicting	 a	
particular	 process	 ‘A’	 assigned	 to	 a	 resource	 system	 ‘A’	 to	 realise	 products	
belonging	to	‘A’	family.	
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Figure 11  Conceptual illustration of a multi value production system 
	
It	was	observed	that	the	case	study	enterprise	has	no	written	standard	operating	
procedures	 thereby	 giving	 the	 operators	 the	 flexibility	 to	 prioritize	 their	 own	
actions	and	to	work	at	 their	 individual	pace	as	 they	move	along	with	 the	work	
items	from	one	work	centre	to	another.	It	follows	that	the	competences	and	tacit	
knowledge	 of	 the	 operators	 significantly	 impact	 on	 the	 timeliness,	 quantity	 &	
quality	 of	 throughputs	 associated	 with	 specific	 operators.	 Consequently,	 data	
concerning	 the	 number	 of	 operators	 working	 in	 the	 raw	 material	 processing	
shop,	their	roles	and	their	known	competences	were	elicited	and	captured.		
	
Figure 12: Measured operation times for key product types 
	
The	total	operation	times	(i.e.	total	cycle	times)	for	making	different	production	
materials	 in	 the	 processing	 shop	 were	 also	 measured	 using	 Work	 Study	
principles.	 Furthermore,	 the	 formal	 useful	 daily	 value	 adding	 production	 time	
was	noted	and	therefore	theoretical	production	takt	times	of	different	products	
were	calculated	based	on	customer	demands	from	the	company’s	historical	data.		
Here	 takt	 time	 is	defined	as	 the	ratio	of	effective	working	 time	to	the	products	
quantity	 demanded	 by	 the	 customers.	 	 Having	 calculated	 the	 takt	 times,	
theoretical	 number	 of	 operators	 needed	 to	 realise	 specific	 product	 quantities	
demanded	should	the	production	system	ideally	run	at	the	calculated	takt	time	
was	also	deduced	as:	number	of	operators	needed	=	 	 	Total	Cycle	Time	(TCT)	/	
Takt	time	(Tapping,	Luyster	et	al.	2002).	Figure	8	shows	the	measured	operation	
times	 (TCT),	 takt	 times	 and	 also	 required	 number	 of	 operators	 for	 processing	
flat,	round	strip	sheet	materials	in	the	RMP	shop.		
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Subsequent	 sections	 describe	 how	 the	 processes	 identified	 in	 the	 case	 study	
enterprise	 were	 decomposed	 into	 roles	 and	 resource	 systems	 modelled	 as	
subsequent	 role	 holders	 to	 produce	 materials	 needed	 to	 realise	 the	 product	
types	specified	in	figure	5.	
	
Conceptual Simulation Model Design 
It	 was	 observed	 that	 the	 static	 models	 developed	 represented	 only	 relatively	
enduring	 enterprise	 structures	 especially	 the	 processes	 and	 their	 role	
derivatives,	 thereby	 providing	 a	 ‘big	 picture’	 that	 depicts	 enterprise	 value	
streams.	However,	 in	 order	 to	 use	 those	models	 to	 visualize	 and	 reason	 about	
changing	 behaviours	 of	 the	 case	 study	 	 enterprise	 processes	 and	 systems,	
structural	relationships	and	data	previously	encoded	in	the	static	models	needed	
to	be	reused	consistently	in	one	or	more	simulation	models.	Simulation	models	
were	 then	 designed;	 firstly	 in	 conceptual	 view	 followed	 by	 detailed	
implementation	 view.	 The	 conceptual	 SM	 was	 designed	 to	 reflect	 the	
configurations	 of	 enterprise	 structures,	 operations	 and	 resources	 systems	 as	
observed	in	the	case	study	enterprise.	Consequently	the	following	concepts	were	
incorporated	in	the	conceptual	SM	design,	namely:	
 workflows:	 that	 capture	 job	 orders	 to	 be	 processed	 at	 the	 request	 of	
different	customers.	In	the	case	study	enterprise,	workflow	was	observed	
to	 be	 dynamic	 and	 that	 changes	 in	 the	 workflow	 come	 as	 a	 result	 of	
customers’	 requirement	 changes	 which	 affect	 production	 orders	 with	
respect	to	products	volumes	and	variances		
 roles:	 groupings	 of	 value	 adding	 operations	 that	 are	 realised	 by	 people	
and	 their	 supporting	 technology.	 Roles	 defined	 required	 competencies	
acquired	of	people	and	other	supporting	technology.		
 role	 holders:	 are	 active	 resource	 systems	 that	 perform	 identified	 roles:	
people,	 machines	 or	 people	 supported	 by	 machines.	 	 To	 satisfy	 role	
requirements,	 a	 match	 between	 required	 competences	 (needed	 from	
roles)	 and	 available	 competences	 that	 should	 be	 brought	 to	 bear	 on	
designated	 roles,	 by	people	 and	 their	 supporting	 technology)	needed	 to	
be	established,	maintained	and	changed	as	requirements	change.		
 value	 streams:	 groupings	 of	 related	 value	 adding	 operations	 leading	 to	
identifiable	outputs.	
Figure	9	is	a	conceptual	illustration	of	the	elements	in	the	simulation	models	
namely,	the	workflow,	roles,	role	holders	and	the	values	delivered	by	the	action	
of	role	holders	on	the	roles.	
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Figure 13:  Conceptual view of the SM 
	
The	conceptual	framework	shown	in	figure	9	was	used	to	develop	the	SMs	at	all	
needed	 levels	of	abstraction.	Structural	relationships	connecting	roles	and	data	
on	actual	roles	realised	by	operators	depicted	in	the	static	models	were	reused	
and	 stereotypical	 role	 holders	 deployed.	 The	 resultant	 model	 showed	
semantically	 enriched	 couplings	 between	 roles	 and	 stereotypical	 role	 holders.	
The	 role	holders	were	described	with	 respect	 to	 their	 competence	 levels.	 Two	
classes	of	role	holders	were	identified	namely:	supervisor	and	operator	classes.		
In	 comparison	with	 ordinary	 operators,	 those	 classified	 as	 supervisors	 are	 the	
operators	 who	 possess	 advanced	 competences,	 higher	 experience	 and	 the	 so	
called	 tacit	 knowledge.	 	 Subsequent	 sections	 describe	 the	 second	 stage	 of	 SM	
development	i.e.	dynamic	implementation	of	the	conceptual	SM.		
 
Behaviour Modelling in selected segments of the Case Study ME 
Figure	 10	 illustrates	 how	 EM	 based	 static	 modelling	 of	 a	 selected	 production	
system	 segment	 provided	 	 a	 contextual	 description	 for	 subsequent	 simulation	
and	 dynamic	 behaviour	modelling.	 The	 case	 study	 production	 system	 segment	
was	 the	 ComBear	 raw	 material	 processing	 shop.	 The	 context	 in	 which	 this	
segment	operates	relates	 to	DM5;	which	 in	 the	EM	is	designated	as	 the	parent,	
‘bearing	 manufacture	 domain’.	 This	 parent	 domain	 consists	 of	 four	 domain	
processes	modelled	as	DP5.1	–	DP5.4.	Here,	DP5.2	was	selected	amongst	the	four	
for	detailed	behaviour	analysis/case	study	testing.	DP5.2	 itself	comprises	three	
lower	 level	 business	 processes	 modelled	 as	 BP5.21,	 BP5.22,	 BP5.23;	 which	
represent	sub	processes	 that	 respectively	produce	materials	 for	making	round,	
flat	 and	 strip	 product	 types	 in	 the	 ComBear	 raw	 materials	 processing	 shop.	
BP5.22	was	selected	as	 the	subject	 for	dynamic	modelling.	 	 It	was	necessary	to	
focus	simulation	modelling	in	this	way	because	an	aim	of	dynamic	modelling	was	
to	understand	current	behaviours	of	this	production	system	segment	so	as	to	be	
positioned	 to	 improve	 the	design	and	operation	of	 this	 segment.	BP5.22	 in	 the	
ComBear	 EM	 comprises	 enterprise	 activities	 and	 functional	 operations,	 which	
explicitly	 describe	 the	 steps	 and	 actions	 needed	 to	 produce	 different	 flat	
products	 materials.	 Figure	 11	 shows	 a	 detailed	 description	 of	 activities	 and	
operations	of	BP5.22.	
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Figure 14: Enterprise Modelling: from domain to enterprise activities 
	
	
Figure 15: Flat sheet materials making activities and operations 
	
The	process	oriented	roles	derived	from	BP52.22	were	modelled	as:	as	pre‐bath	
operations,	 bath	 operations	 (wrapping),	 pre‐laminate	 operations,	 laminate	
operations	and	post	laminate	operations.		Three	workers	who	function	as	part	of	
a	team	fulfil	these	roles.	The	chronology	of	the	process	is	as	referred	in	figure	12.	
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These	 roles	 and	 their	 associated	 operations	 are	 executed	 at	 different	 work	
workstations,	and	the	EM	based	description	of	them	was	used	as	a	reference	for	
building	simulation	models	(SMs).		
	
	
 
Figure 16: Order of operations at different work centres 
	
The	 simulation	 software	 used	 for	 this	 modelling	 is	 called	 Technomatix	 Plant	
Simulation.	It	is	a	discrete	event	simulation	tool	that	that	naturally	can	be	used	to	
explore	 the	 characteristic	 and	 behaviours	 of	 subject	 systems	 with	 a	 view	 to	
improving	 their	 performance.	 The	 simulation	model	 of	 ComBear	 raw	material	
processing	 was	 structurally	 desgined	 by	 referring	 to	 the	 activity	 diagram	 and	
these	activities	are	represented	in	the	simulation	models	with	the	icons	such	as	
‘single	 proc’	 for	 single	 processes,	 ‘workplace’	 for	 work	 place	 or	 worker	 at	
processes,	 ‘workpool’	 is	 for	 the	 place	 where	 all	 workers	 are	 gathered	 and	
assigned	by	a	nominated	 supervisor	known	as	a	 ‘broker’.	Materials	 flow	 in	 the	
model	 is	 initiated	by	 the	 ‘source’	 that	 linked	 to	 sets	of	workstations	 i.e.	 ‘single	
procs’	 that	mimic	 the	 sets	 of	 real	workstations	 in	 the	 activity	 diagram.	 Source	
produces	 moving	 units	 i.e.	 ‘MU’	 that	 represents	 the	 materials	 that	 are	 moved	
from	one	workstation	to	another.	In	the	workstations,	variables	such	as	process	
time,	set‐up	time,	and	recovery	time	can	be	entered.	At	‘single	proc’	workstation,	
value	 added	 activities	 are	 performed	 in	 a	 given	 process	 time	 by	 the	 assigned	
‘workers’.	 ‘Workers’	are	assigned	by	 their	 ‘broker’	 i.e.	 supervisor	 to	perform	in	
the	workstations.	 ‘Workers’	 can	 be	 described	 by	 their	 ‘efficiency’,	 ‘speed’,	 and	
‘roles’	 and	 they	 can	 be	 built	 on	 single	 or	 multiple	 ‘workpools’.	 Whilst	 the	
simulation	 is	 running,	 ‘MU’	 or	 materials	 may	 enter	 a	 ‘buffer’	 state	 where	 the	
movement	 of	 the	 ‘entity’	 from	 any	workstation	 to	 another	workstation	 can	 be	
stopped	due	to	bottlenecks	and	waiting	period.	This	process	description	defines	
processing	 routes	 followed	 by	 workflows	 in	 the	 SMs.	 The	 simulation	 model	
designed	that	represents	the	roles	in	flat	sheet	making	is	shown	in	figure	13.	
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Figure 17 : Simulation model layout 
	
	
 Case Study SM Description  
The	SM	work	reported	here	comprised	three	different	sets	of	experiments.	The	
purpose	 of	 the	 first	 experiment	 was	 to	 validate	 the	 ‘as‐is’	 resource	 systems	
versus	role	matching	to	realise	observed	measured	throughput.	When	the	model	
throughput	and	its	time	based	behaviours		reflect	those	of	the	real	system,	then	
the	 SM	 was	 assumed	 to	 be	 validated.	 The	 validated	 model	 of	 the	 production	
system	was	then	run	with	experiment	set	one	data	to	document	and	benchmark	
real	 system	 understandings	 about	 throughput,	workers	 efficiency,	workstation	
dynamics,	and	process	dynamics.	These	benchmarks	were	then	used	for	the	next	
two	experimental	sets.	In	the	subsequent	experiments,	possible	‘to–be’	scenarios	
of	 human	 systems	 change	 were	 tested	 by	 applying	 ‘re‐programming’	 and	 ‘re‐
configuration’	concepts.	‘Re‐programmability’	is	used	to	describe	cases	whereby	
existing	 set	 of	 human	 resources	 assigned	 to	 roles	 can	 timely	 and	 effectively	
respond	 to	 changes	 roles	 requirements	 on	 the	 shop	 floor(that	 arise	 due	 to	
change	 in	 activities	 resulted	 from	 dynamic	 workloads)	 without	 the	 need	 to	
redeploy	 the	 roles	 holders	 or	 to	 effect	 any	 structural	 changes	 in	 relationships	
connecting	the	assigned	roles.	A	related	definition	of	a	reprogrammable	system	
was	described	as	‘a	system	which	has	a	degree	of	limited	flexibility	to	cope	with	
minimal	process	differences’	(Cui	and	Weston	2009).	Similarly,	‘re‐configuration’	
as	used	here	 implies	cases	whereby	changes	 in	human	assignment	 to	 the	roles	
are	 required	 through	 either	 changing	 structures	 that	 bind	 the	 roles	 or	 by	 re‐
assigning	concerned	human	resources	 to	alternative	roles.	The	underlying	 idea	
(of	 experimentally	 investigating	 these	 two	 types	 of	 re‐	 deployment	 of	 human	
resources)	is	to	be	able	to	observe,	reflect	on	and	possibly	predict	(i)	the	likely	
impacts	on	performance	that	would	result	from	such	change	types	and	(ii)	to	link	
this	analysis	to	a	consideration	of	the	ease	(in	terms	of	cost	and	time	involved)	
with	which	 these	 types	of	 change	can	actually	be	made	 in	 the	 real	 system.	For	
example	when	 so	 doing	 in	 the	 case	 study	 described	 an	 aim	was	 to	 be	 able	 to	
witness	 in	 the	simulation	environment	 the	effects	 that	such	change	might	have	
on	the		throughput	and	takt	time	when	manufacturing	different	types	of	bearing	
product.			
The	reprogrammable	 experiment	was	 carried	 out	 by	 changing	 two	 variables;	
firstly	by	varying	the	incoming	volume	of	workload	into	the	model	and	secondly	
by	 making	 some	 changes	 to	 the	 systems	 of	 people	 who	 are	 role	 holders	 (e.g.	
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changing	 human	 performance	 efficiencies).	 For	 this	 case	 study,	 referring	 to	
figure	 9,	 the	 arrangement	 of	 roles	 is	 resembled	 by	 workstations	 i.e.	WC.	 This	
workstations	 represents	 the	 requirements	 i.e.	 activities	 to	 be	 done	 to	 produce	
materials	 for	 making	 flat	 bearing	 products.	 The	 figure	 also	 described	 the	
operation	 time	 to	 perform	 these	 roles.	 However,	 the	 operation	 time	 at	 each	
workstation	 changes	 when	 flat‐bearing	 product	 specifications	 changes	 (i.e.	
change	 in	 product	 type,	 size,	 dimension,	 colour,	 etc)	 thereby	 requiring	
reprogramming	of	 the	workstation	requirements	and	hence	 the	needed	human	
resource	 requirements.	 Consequently,	 role	 holders	 efficiency	 may	 change	
because	process	 change	may	 require	higher	 competence	 levels.	 This	 change	 in	
workers	 efficiency	 was	 use	 as	 a	 surrogate	 to	 reflect	 a	 limited	 flexibility	 of	
workers	 or	 in	 the	 management	 or	 engineering	 environment	 supporting	 the	
worker.	
On	 the	 other	 hand	 a	 reconfigurable	 system	 experiment	 was	 presumed	 to	
involve	 a	 system	 which	 has	 the	 ability	 to	 change	 the	 resources	 by	 changing	
human	 oriented	 organisational	 structures	 in	 response	 to	 significant	 process	
changes	 (Cui	 and	 Weston	 2009).	 The	 reconfigurable	 human	 system	 includes	
changes	 in	 human	 requirements	 (which	 directly	 affects	 human	 performance	
efficiency)	and	also	human	configuration	settings.	In	a	reconfigurable	systems,	it	
is	 assumed	 that	 throughput	 is	 affected	by	 changes	 in	human	performances	 via	
increased	 or	 reduced	 efficiency	 and	 also	 by	 the	 way	 people	 systems	 are	
structured	e.g.	whether	they	are	deployed	as	individuals,	teams	or	workgroups.	
Thus,	the	reconfiguration	experiment	in	this	case	study	tests	impacts	of	changing	
human	organization	structures	as	well	impacts	arising	from	variation	in	human	
efficiency.	In	the	SM	experiments,	dynamic	workloads	are	input	and	the	workers	
are	assigned	into	two	different	sets	of	teams	i.e.	two	different	workpools	that	can	
be	used	to	represent	change	in	human	structure.	Use	of	two	workpools	reflects	
the	case	of	two	different	teams	working	together	under	the	same	supervisor	i.e.	
‘broker’.	In	each	workpool	the	human	resource	efficiency	are	different	to	reflect	
the	 change	 in	 human	 requirements.	 The	 tests	 held	 for	 this	 reconfigurable	
scenario	is	as	discussed	in	experiment	3.			
 
Experiment 1 Validation  
	The	 aim	 of	 experiment	 1	 was	 to	 replicate	 the	 actual	 case	 study	 production	
system	 behaviour	 with	 the	 simulation	 model	 and	 by	 doing	 so	 to	 realise	 two	
objectives:	(1)	reusing	real	data	from	flat	sheet	making	into	simulation	view	and	
(2)	 to	 compare	measured	 output	 of	 the	 real	 system	with	 observed	 simulation	
model	throughput.	Figure	14	summarized	the	results	obtained.					
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Figure 18: Validation experiment results 
The	 results	 showed	 that	 the	 simulation	 modelled	 is	 validated	 when	 the	
throughput	 of	 the	 experiment	 matched	 the	 throughput	 data	 measured	 in	 the	
shopfloor.	From	 the	 simulation	 results,	 the	efficiency	of	 the	workers	were	also	
determined	where	 it	 is	 founds	 in	 the	 SM	 results	 that	 one	worker	worked	 at	 a	
45%	efficiency	rate	and	2	workers	worked	at	30%	efficiency	rate.		
	
Experiment 2: Programming human systems 
The	purpose	of	experiment	2	was	to	observe	the	behaviours	of	deployed	human	
systems	and	the	impact	of	such	behaviours	on	the	performance	of	the	production	
system	when	role	requirements	changed.	The	objective	here	is	to	observe	the	
impact	of	changes	in	the	efficiency	of	workers	in	the	SM	when	role	requirements	
changed.	Experiment	2	was	held	by		following	these	steps:	
1. The	same	model	designed	for	experiment	1	was	used	for	this	simulation	
modelling.	 Here	 workers	 are	 working	 from	 1	 workpool	 under	 1	
supervisor/broker.	
2. Workers	 efficiency	 configuration	 is	 as	 referred	 in	 figure	 13.	 For	 trial	 1,	
two	workers	working	are	functioning	at	85%	efficiency	and	one	worker	is	
75%	efficient.	In	the	second	trial	one	worker	is	working	at	75%	efficiency	
and	2	workers	are	working	at	95%	efficiency.	
 	
Figure 19: Reprogrammable human set-up 
3. The	 experiment	 is	 tested	 with	 two	 different	 sets	 of	 workloads.	 The	
workloads	tested	in	the	experiment	are	as	referred	to	in	figure	16	and	17.	
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Figure 20: Workload 1 (WL1)                                Figure 21: Workload 2 (WL2) 
	
		
4. The	experiment	was	performed	changing	two	human	configurations	into	
two	different	sets	of	variables.	The	experiment	is	characterised	by	figure	
18:	
		
Figure 22: Programmable experiment 
	
Experiment 3: Reconfigurable human system 
The	aim	of	this	experiment	was	to	observe	the	behaviour	of	human	systems	and	
the	behaviour	of	the	production	system	performance	when	human	roles	
assignments	changed.	The	objective	here	is	to	change	the	structure	of	the	
workers	deployed	to	realise	value‐adding	operations	at	the	work	centres.	This	is	
to	reflect	changes	that	happened	in	the	organizational	structure	of	the	actual	
production	system.	The	structure	of	the	SM	remained	the	same	however	the	
workers	that	were	assigned	to	perform	work	in	the	two	different	work	pools	are	
controlled	and	changed	by	another	function	called	‘broker’.	Two	sets	of	teams	
that	work	in	the	production	system	and	the	simulation	models	work	by	having	
two	different	sets	of	human	role	requirements,	again	modelled	with	respect	to	
human	performance	efficiency	factor.	Figure	19	depicts	the	human	configuration	
of	this	experiment	while	figure	20	shows	the	design	of	the	experiment.	The	
workload	was	the	same	as	shown	in	figure	14	and	15.	
 
Exp Configurable Human System  
Composition 
Workload 
CV1T1 T1 WL1 
CV1T2 T2 WL2 
CV2T1 T1 WL2 
CV2T2 T2 WL2 
Exp 
programmable 
Human system  
composition 
Workload 
PVIT1 T1 WL1 
PV1T2 T2 WL1 
PV2T1 T1 WL2 
PV2T2 T2 WL2 
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Figure 23: Reconfigurable human system design 
 
 
 
 
 
 
 
	
	
	
 
	
	
	
Figure 24: Reconfigurable experiments 
	
Experimental Results and Discussion 
The throughput rates and bottleneck at each workstation were captured in the SMs 
when the simulations were running. The layout and the results of the SMs are as 
shown in figure 22. In the programmable experiment, only one workpool was 
operating in the production line while in the configurable experiment, two workers 
workpools were operating in the workstations. The results from 4 programmable 
experiments and 4 reconfigurable experiments are presented in table 1. The layout of 
the SM held is referred to in figures 21. The graphs that show the dynamics i.e. 
workstation, workplace and workers dynamics were as referred to in figure 22. 
 
 	
Figure 25: Simulation Modelling. 
	
	
	
	
	
 Workpool 1 Workpool 2 
Workers efficiency 75% 85% 95% 75% 85% 95% 
Team 1 (no of workers) 1    2  
Team 2 (no of workers) 1     2 
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Figure 26 : Programmable V1T1 results 
	
The	results	from	the	experiment	were	then	compiled	and	analysed	and	the	
values	i.e.		throughput	and	takt	time	were	as	shown	in	Table	1.	
	
Graph 1: Takt Time T1 & Graph 2: Throughput T1 
 
Analysis 
The results recorded in Table 11 were further investigated and the data has been 
analysed using an MS Excell spreadsheet. The analysis was made by comparing the 
behaviour of throughput and Takt time for T1 (Team 1) and T2 (Team 2). The graphs 
of the simulation results are as in graph 1- 4. 
 
	
 
	
	
	
Graph 3: Takt Time T2 & Graph 4: Throughput T2 
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Observations & Concluding Remarks   
The results of the simulation models were compared between two human system 
compositions i.e. T1 and T2. Both compositions have been experimented with 
dynamic volume workloads as well as with sets of different human configurations, i.e. 
programmable and configurable. From Graph 1, it is evident that the takt time 
decreases for both programmable and configurable human system (T1) when the 
dynamic volume increases. In Graph 2, the throughput of both programmable and 
configurable human system increases when the volume increases. This relationship 
shows that dynamic volume influences the takt time and throughput positively when 
the processes are performed by  single workpool consists of 3 workers. This also 
suggests that the 3 workers are able to fulfil the volume demand, and further perform 
faster when the volume increases. This is proved by  increased throughput of 7% 
when the volume of the incoming workload doubled. 
Also human composition T2 performs better than T1 by approximately 7% because 
the efficiency of the workers increases by 10% when it is in T2 configuration. Graph 
3 and Graph 4 portray better figures of takt time and throughput than in previous 
graphs. Thus it is evident that the efficiency of human system positively related to 
total performance of the enterprise activities. By comparing the four graphs, it is 
observed that between programmable and configurable human systems, configurable 
human systems yields higher throughput as compared to programmable human 
system, despite the fact that the same number of worker are deployed to both systems 
(programmable and configurable) i.e. 3 workers. This suggests that output from team 
working is better and faster than when workers are deployed as individuals. 
In conclusion, the simulation experiments were found to be able predict overall 
effectiveness of enterprise activities when human resources are deployed in different 
ways i.e. programmable/ reconfigurable. Results obtained are shown in the graphs of 
process dynamics for both simulation models where bottlenecks changed as the input 
of the production line varies. The reported research and experimental results have 
shown that simulation modelling approach can build upon information previously 
encoded by static models represented by CIMOSA activity diagram. The approach 
developed new understanding that enterprise activities can be modelled and used to 
characterize the dynamic of the overall systems, which includes human system 
dynamics. Thus these models can be used to predict the impact of the overall 
performance of manufacturing enterprise as a consequence of product variance. Use 
of alternative SMs and their experimental inputs enables analysis of particular process 
segments of MEs. Several candidate behaviours can be modelled by changing the 
resources assigned to work centre roles. Also, it was observed that both EM and SM 
model forms enable the execution of ‘to be’ production system behaviours with 
different human system configurations. The study is recommended for designing or 
re-designing manufacturing systems such as during new product development or 
during the enhancement of existing production systems. 
The actual case study behaviour modelling reported in section 6 was at a relatively 
low level of modelling abstraction. This was because the subject of the simulation 
experiments was focussed on improving the human resourcing of only one segment of 
the complete ComBear production system. However the full range of modelling 
concepts (e.g. EM context description & decomposition into roles, work system 
modelling in terms of product type flows and their flow rates, [human & technical] 
resource systems/role holder modelling in terms their competencies, systematically 
matching required roles to role holders, followed by the conceptual design of 
simulation models and experiments) described in this paper can be used at multiple 
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levels of abstraction dependent upon the identified purposes of modelling.  For 
example the approach used in sections 5 and 6 to analyse ways of human resourcing 
raw material processing activities can equally be used to study ways of improving the 
integrated working, and/or the integrated planning, of operations carried out in the 
complete ComBear production system. This would require a similar systematic 
development of medium level of abstraction simulation models that could support 
medium and short term decision making leading to improved overall business 
performance in ComBear. Additionally high level of abstraction simulation models 
could be developed using the same set of modelling concepts to improve the design of 
extended  enterprises, such as to analyse impacts of alternative supply chain 
configurations (in which ComBear is a member company) or indeed to support 
strategic analysis and policy setting in the Aerospace extended ME case described in 
section 4. 
This paper has therefore introduced ways of cutting through the complexities of 
Extended Enterprises so as to support the improved deployment of arguably the most 
valuable asset of most companies, i.e. their work force. To date however the authors’ 
research methods treat people rather mechanistically, while it understood that people 
behavioural and cultural issues impact significantly on people centred work outcomes. 
Hence in parallel research the authors are considering ways of accounting for such 
factors when conducting behavioural experiments and ways of developing work-place 
environments which encourage productivity and quality outcomes. 
  
 
 References 
Fitzgerald,	B.	(1995).	"Mass	customisation	‐at	a	profit	"	World	Class	Design	To	
Manufacture	2(1):	43‐46.	
Gou,	L.,	P.	B.	Luh,	et	al.	(1998).	"Holonic	manufacturing	scheduling:	architecture,	
cooperation	mechanism,	and	implementation."	Computers	in	Industry	
37(3):	213‐231.	
Hon,	K.	K.	B.	and	H.	Chi	(1994).	"A	New	Approach	of	Group	Technology	Part	
Families	Optimization."	CIRP	Annals	‐	Manufacturing	Technology	43(1):	
425‐428.	
Rodriguez,	S.,	V.	Hilaire,	et	al.	(2007).	"Towards	a	holonic	multiple	aspect	
analysis	and	modeling	approach	for	complex	systems:	Application	to	the	
simulation	of	industrial	plants."	Simulation	Modelling	Practice	and	Theory	
15(5):	521‐543.	
Tapping,	D.,	T.	Luyster,	et	al.	(2002).	Value	Stream	Management	New	York,	
Productivity	Press.	
Van	Assen,	M.	F.	(2000).	Agile‐based	competence	management:	the	relation	
between	agile	manufacturing	and	time‐based	competence	management.	
Weston,	R.	H.	(1999).	"Reconfigurable,	component‐based	systems	and	the	role	of	
enterprise	engineering	concepts."	Computers	in	Industry	40:	1999.	
Zhang,	X.,	S.	Balasubramanian,	et	al.	(2000).	"Design	and	implementation	of	a	
real‐time	holonic	control	system	for	manufacturing."	Information	
Sciences	127(1‐2):	23‐44.	
Zihua,	C.	and	R.	Weston	(2009).	"Modelling	the	effect	of	product	variations	on	the	
design	of	economy	of	scope	manufacturing	systems."	
	
	
 	 69
Biographical	notes:	
	
Siti	Nurhaida	Khalil	
Siti completed her B.Eng (Hons) in Mechanical Engineering at Tenaga National 
University, Malaysia, in 2000. After this she worked as an engineer for three years in 
Tenaga Switchgear Sdn Bhd, a subsidiary of Malaysia’s national electricity utility 
company Tenaga Nasional Berhad (TNB). Prior to joining Loughborough University 
as an MSc student in Engineering Design in 2004/2005, she joined Kolej Universiti 
Teknikal Kebangsaan Malaysia (KUTKM) as a Teaching Engineer. Upon completion 
of her MSc she returned to her home country for a year and become a Lecturer in 
KUTKM now known as UTeM and has been lecturing for a year, namely in design 
subjects e.g. Solid Works, AutoCAD, Engineering Design Methods, CAE. Siti's 
experience working in the production environment has lead to her enrolment into the 
Manufacturing Systems Integration (MSI) research institute in October 2006, under 
the scholarship of the Ministry of Higher Education of Malaysia. 
  
Dr	Joseph	Ajaefobi	
Dr Ajaefobi graduated with a 2:1 degree in Metallurgical & Materials Engineering in 
1988 from Anambra University of Technology (ASUTECH) Enugu, Nigeria. He had 
working experience from Industrial and Social sectors in Nigeria before enrolling for 
a PhD in Manufacturing Engineering & Management at Loughborough University in 
the year 2000. He gained his PhD in 2004 and thereafter joined MSI Research 
Institute at Loughborough University as a Research Associate. His academic and 
research interests includes: Enterprise Modelling and Integration; Human Systems 
modelling, Lean Manufacturing and Value Stream Analysis, Production Systems 
Management, etc. 
Professor Richard Weston 
Richard Weston, PhD, BSc (first class honours) is founder member and Head of the 
MSI Research Institute, Academic Director of the UK’s Centre of Excellence in 
Customised Assembly and Professor of Flexible Automation at Loughborough 
University. Richard has supervised over 60 PhD studies in areas of enterprise 
modelling, enterprise integration, software systems engineering, human systems 
modelling, methods based engineering and flexible automation. He has authored 
around 350 publications in refereed journals and conference proceedings and has been 
the Principle Investigator for over 50 UK research council grants. Previously Richard 
was the Pro Vice Chancellor for Research at Loughborough University; Vice chair of 
the IFIP Working Group 5.12 on Architectures for Enterprise Integration and a 
Consultant Professor at Harbin Institute of Technology in China. Richard is also a 
member of the editorial board of five international journals.  
	
